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Reducing poverty in rural areas of developing countries requires sustained and
sustainable increases in agricultural water productivity. However, aside from traditional
measures of precipitation, little is known about water available to farmers or how
productively they use it. We present a crop-water productivity index (a ratio of the value
of annual crop production to a dimensionless potential water availability index) for large
water basins using readily available low-resolution data. The index is transferable, permits
direct inter-basin comparisons, and is simple to calculate. We calculate the index for
each municipality in the Sdo Francisco river basin in Brazil. No clear patterns linking
water availability and value of agricultural output are evident, even though clusters of
municipios with high- and low-crop-water productivity emerge, and the former may be
useful in guiding policies aimed at increasing water productivity. Finally, analyses of the
effects of information uncertainty on the crop-water productivity index suggest that the
returns to agricultural investments in certain places in the Sao Francisco river basin are
more risky than others. Improvements in data quality and quantity can help refine
estimates of the index and reduce their uncertainty.

Key words: water productivity, irrigation, agricultural productivity, crop-water productivity
index, water availability index, uncertainty propagation

Introduction

Two-thirds of the world’s poor currently live in rural
areas, and increasing rates of growth in agriculture
is essential to meeting their food and livelihood
security needs (World Bank 2007). In regions where
options for expanding cultivated area are limited,
agricultural growth must come from increases in
crop productivity, while in other regions (primarily

in parts of sub-Saharan Africa and South America)
expansion of cultivated area is an important second
source of growth. In both cases, the primary
ingredients for sustainably increasing the returns to
land and to labour in rural areas are generally
known: investments in transportation infrastructure,
water conveyance and irrigation systems, agricultural
research, and education are of fundamental importance,
and policies that enhance market access, and define
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and protect property rights are also essential (Lee
and Barret 2001; Rosegrant et al. 2006). But while
these general prescriptions for growth are useful for
identifying overall rural development strategies, they
are less useful in determining the precise sequencing
or location of policy interventions. As population
pressure and food prices rise, moving from a generic
to a more concrete set of investment options and
policy actions becomes urgent.

This paper contributes to the literature on measuring
water productivity in agriculture, with special attention
paid to the natural movements of water on the
landscape. To do so, we construct a crop-water
productivity index (CWPI) using readily available
data in the Sdo Francisco river basin in Brazil. The
proposed methodology is a tool to perform large
extent, low resolution spatial analysis to identify
areas and spatial patterns of low and high agricul-
tural productivity. This may help identify areas for
potential policy action. Once these areas have been
identified, a more detailed local high resolution
analysis is needed to gain more insight on the specific
conditions of the area.

Crop-water productivity indices have been con-
structed and used for some time. Historically such
indices were generally defined as the ratio of a
measure of crop production (such as vyield, dry
matter production, nutritional value or economic
value) to a measure of water available to or used in
agriculture, such as crop evapotranspiration (Kassam
and Smith 2001; Zwart and Bastiaanssen 2004), net
water inflows, applied water via irrigation systems,
or available water from precipitation. For example,
one CWPI (Molden 1997) uses crop yield divided by
the volume of water consumed by that crop. Crop-
water productivity indices are commonly used to
compare the agricultural performance (an implied
measure of efficiency) of different regions at different
times, especially in irrigated areas at the field or
farm level (Abdullaev and Molden 2004; Ahmad
et al. 2004; Zwart and Bastiaanssen 2004). CWPI
have also been calculated at much larger spatial
extents,’ but these efforts are usually limited by data
availability and quality (especially in the context
of frontier areas in developing countries), although
the use of satellite remote sensing is increasing the
spatial extent as well as the spatial resolution of the
available data (e.g. Bastiaanssen 1999; Lobell et al.
2003). Regardless of the spatial extent and resolution
adopted, these indices or ratios all focus on the
amount of water actually used to produce crop output,
but they are silent on the issue of the extent to
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which potentially available water is put to use in
agriculture. To capture this important relationship
between the stock of available water at a given
location and the proportion of that stock used in
agriculture, a different sort of index is needed. This
paper proposes such an index.

Objective

With the goal of developing a CWPI that is based on
easily available or easily computed estimates of the
value of crop production and a measure of potential
water availability, a new water availability index
(wai) is defined. The proposed CWPI ratio uses wai
as its denominator and the value of crop production
as its numerator. Data from the Sdo Francisco river
basin in Brazil are used to calculate the index and
its sensitivity, and both are used to demonstrate
spatial variation in the degree to which available
water is being used for agriculture.

Water availability index (wai)

Several candidate indices exist for measuring potential
water availability. A series of topographic indices that
predict the spatial distribution of runoff, soil moisture
and elevation of groundwater tables or the depth of
saturated areas have been developed (Beven and
Kirkby 1979; Hijerdt et al. 2004; O’Loughlin 1981),
and these indices are commonly used as proxies for
water input in analysing environmental issues such
as predicting the size of wetlands at continental
extent (Merot et al. 2003), soil moisture distribution
at varying spatial resolutions (Western et al. 1999),
and soil characteristics (Florinsky et al. 2002; Merot
et al. 1995), all with varying degrees of success. The
proposed water availability index (wai) is a spatially
distributed index that is proportional to the potentially
available water at a given location. As defined, the
proposed index can be calculated for large basins
using low-resolution data. The unforced conditions
imply the absence of human interventions that affect
natural flows (e.g. dams), or strong natural discontin-
uities such as sharp changes in the topography or
land cover that may have strong impacts on the
hydrologic regime. The proposed index is an extension
of the concept introduced by Beven and Kirkby (1979)
which is widely used in hydrology as a measure
proportional to the likelihood of a given parcel of
land being saturated and producing saturation-excess
runoff. The Beven and Kirkby (1979) index is
correlated with soil moisture over a range of spatial
resolutions, and hence explains (among other things)

Journal compilation © Royal Geographical Society (with The Institute of British Geographers) 2008



96 Maneta et al.

a significant part of observed variations in soil
moisture during wet periods when spatial units of
analysis are hydrologically connected (Gémez-Plaza
et al. 2001; Western et al. 1999).

Under unforced conditions, climatic and topo-
graphic factors have strong influences on the amount
of surface-, root zone- and groundwater available at
a given location at a given time. Topography is
recognised as a strong driving force for water move-
ment and water redistribution in the landscape (Dunne
and Leopold 1978; Hewlett and Troendle 1967). On
an annual basis, the main input components of the
water mass balance at a given point are precipitation
(vertical component) and inflow (horizontal compo-
nent) from upstream areas, whereas the main vertical
and horizontal outputs are atmospheric demand and
outflow to downstream areas, respectively. It is
assumed here that water infiltrated into the ground-
water system is directly related to available water at
the location and is directly captured in the wai
measure. While high-resolution, spatially distributed
information on annual precipitation and potential
evapotranspiration is relatively easy to obtain for
large basins from global databases, high-quality
information on annual inflows and outflows at the
same high-resolution spatial coverage throughout
the spatial extent of interest is generally much more
difficult to obtain. To generate the required informa-
tion on annual inflows and outflows, for each spatial
unit of observation we use the size of the upstream
catchment area and the local® slope to generate
estimates of these flows at that point. We assumed
that the upstream area draining into a given pixel is
proportional to the inflow, and that the local slope
at a given pixel determines the outflow as it provides
the momentum for the outflow. With estimates of
inflow and outflow discharge at a given pixel, we
define the dimensionless potential water availability
index (wai) for area m under unforced conditions
to be

. P, CA, M
wai,, = In| - ———
E, slope,Ax

where P, is the annual precipitation, £, is the
annual potential evapotranspiration (water evaporated
from soil surface and water used by plant via
transpiration), CA,, is the upstream catchment area,
slope,, is the local slope and Ax is the side length of
pixel or cell m for which the analysis is being
conducted.** The proposed definition given in
equation 1 ensures that wai is bounded, even when

precipitation equals evapotranspiration. Another
advantage is that wai is dimensionless. Values of wai
will be high when precipitation is large, upstream
catchment area is large, evapotranspiration is low,
and the area under analysis is relatively flat. Under
these unforced conditions, potentially available water
is high at the given location. Conversely in arid, hot,
steep headwaters the index values will be low. It
should be noted that the time step of one year was
chosen to eliminate the effects of soil water storage
changes on the value of the index. With the annual
time step, measures of precipitation and evapotran-
spiration used in the equation represent the long-term
averages for the basin. Only a Digital Elevation
Model (DEM) and raster maps for precipitation and
potential evapotranspiration are needed for the area
of interest in order to produce a raster map of wai
for each pixel within the area.

Crop water productivity index (CWPI)

As noted above, the proposed CWPI/ for a given area
is defined as the ratio of the value of crop production
in that area to the water availability index (wai), as
given by equation 1. More specifically, the crop-water
productivity index for a given region d can be
written as,

/
CWPI, = <%> 2)
m q

where cropval,, is the total gross value of all of the
crops produced in a given area m in a given year.
The brackets indicate spatial averaging of all areas
of size m included in the area d (d = m). Total crop
value reflects crop types and crop-specific yields per
unit area, as well as market prices. While the
numerator captures the agroecological and economic
conditions of the area (the total value of the crops
produced in an area is a function of the forcing to
the system such as policy action or market
conditions and therefore this information is implicit
in the CWPI), the denominator captures the potential
water availability for the same area. Therefore,
agricultural productivity is normalised by the climatic
conditions and geographic situation of the area.
Isolated from those conditions, difference in
productivity between the areas reflects forcing
circumstances such as policy action, capital
investment, status of market, etc. High values of
CWPI,; imply more complete use of potentially
available water resources. Thus CWPI, calculated
using equation 2 gives (a) productivity of water for
agricultural uses and (b) the state of water use in
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Location of the Sao Francisco river basin
(highlighted area)

Figure 1

relation to potential water availability in different
areas of the basin.

While wai can be calculated at an arbitrarily high
resolution, information on agricultural production
activities is usually available only at municipal or
regional resolution. Therefore, calculating CWPI,
requires disaggregating values of cropval into high-
resolution units comparable to those used to estimate
wai, and then reaggregating the ratio of both measures
to ‘match’ the different spatial resolutions of the
areas contained in d which are greater than areas of
the pixels m, and the ds (the municipalities) vary in
size. More specifically, cropval, which is reported at
area d resolution (i.e. a municipal level), is disag-
gregated to the resolution of wai (the pixel). The
angle brackets in equation 2 indicate that once the
ratio is calculated at the wai spatial resolution, it is
then aggregated for each area d by simple arithme-
tic averaging of all pixels m belonging to the area d.
Disaggregating cropval, calculating the ratio at the
wai resolution, and then reaggregating cropval to
the municipal level is required because of the strong
positively skewed distribution of wai. If wai were
first aggregated using spatial averaging over each area
d and then CWPI, were calculated, the influence of
the greater proportion of wetter pixels in the tail of
the distribution would be smoothed out, thereby
decreasing the ability of the model to distinguish
between areas with different crop-water productivity
values.
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An application to the Sao Francisco river
basin

The Sao Francisco river basin is characterised by a
broad range of socioeconomic characteristics, from
wealthy areas with high population densities to areas
with severe poverty and low population densities.
Although much of the land is dedicated to agriculture,
forestry and grazing, the basin contains several small
and medium-sized urban centres and also encompasses
very large urban areas such as the Belo Horizonte
metropolitan region in the state of Minas Gerais.
Approximately 27 per cent of the land area of the
Sao Francisco river basin is suitable for farming and
approximately 3 000 000 hectares have potential for
irrigation, of which around 11 per cent was actually
being irrigated in 2003 (Agéncia Nacional de Aguas
(ANA) 2004). The Sdo Francisco river is generally
characterised as highly undersubscribed, suggesting
great potential for the expansion of irrigated
agriculture. However, while the basin as a whole
might be undersubscribed, this may not be the case
for regions within the basin; spatial heterogeneity in
the CWPI may help identify areas where expansion
of irrigated area may be possible.

Site characteristics, data sources and
methodology

The Sao Francisco river basin (Figure 1) is an area of
more than 630 000 km?* and crosses parts of centre
west, southeast and northeast Brazil. It is the fourth
largest basin in South America and the largest basin
to be entirely contained in Brazil. A total of 521
municipalities, with a population of more than 5.68
million (ANA 2004), lie within this area.

The south and southwest have a humid tropical
climate with a dry season during the winter. Total
yearly rainfall in those areas is often more than
1000 mm. The distributed map of average annual
precipitation for the Sdo Francisco river basin (Figure 2)
as obtained from the IDIS shows these regions of the
basin. The average annual potential evapotranspiration
for the same basin is presented in Figure 3. Due to
its latitudinal orientation and its length, there is
large climatic variation between its southern and
northern parts. In contrast to the south and south-
west, the northwestern part has a semiarid climate,
with annual rainfall of around 500 mm and high
evapotranspiration rates (Figures 2 and 3, respectively).
More than half of the total area is in the so-called
Drought Polygon, the driest area in Brazil.
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Figure 2 Average annual precipitation in the
Sao Francisco river basin
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Figure 3 Average annual potential evapotranspiration
in the Sao Francisco river basin

The basin flows northwards from the hilly head-
waters in the state of Minas Gerais to the Atlantic
Ocean where the main stream meets the Atlantic
Ocean between the states of Alagoas and Sergipe.

Figure 4 depicts the steeper slopes in up-basin regions
and the flatter areas downstream (methods used to
calculate this map are presented below).

The climatic information needed for estimating
wai are precipitation and evapotranspiration. The
digital elevation model (DEM) is also required to
calculate catchments area, local slope and pixel
dimension used in equation 1. The source for the
relevant precipitation and evapotranspiration data is
the World Climate Atlas derived from the Global
Historical Climatological Network (GHCN) and
compiled for the Sao Francisco river basin by the
International Water Management Institute (IWMI) in
its Integrated Database Information System database
(IDIS) (IWMI 2002). It is presented at 1-km resolution,
and is calculated from data obtained from surface
weather stations. As is common, information on the
temporal extent (number of years included in the
average) and on the temporal resolution of the data
used to calculate the averages is not publicly available.
Similarly, information on the source, method of
interpolation, accuracy or quality of data, is not
contained in the metadata for these maps.

The source of the DEM is the Shuttle Radar
Topography Mission (SRTM) subset at 90-metre
resolution dataset available from the United States
Geological Survey (USGS), Earth Resources Obser-
vation and Science (EROS) data centre. To derive CA
and slope, a 1-km resolution digital elevation model
(DEM) of the basin from the IDIS database was
used.

The map of mean catchment area and slope, with
estimated variances due to possible sensitivity in the
DEM, were calculated using a Monte Carlo simulation.
As no information was available on the accuracy of
the DEM, a sensitivity of 5 per cent was assumed
throughout the domain to quantify sensitivity of the
derived maps (catchment area and slope) to the
accuracy of the DEM. To ensure hydrologic connec-
tivity and convergence of flows to the outlet through
the main streams, the original DEM was pre-conditioned
with the main drainage network using the terrain
preprocessing routines in Arc Hydro Tools (Maid-
ment 2002). One hundred fifty autocorrelated random
sensitivity maps were generated using a normal distri-
bution N(0, DEM*0.05). Those maps were created
using a recursive neighbourhood autocorrelation filter
(Table 1) to produce autocorrelation in a map of
normally distributed random noise (Begueria S.,
personal communication 2006).

Each of these autocorrelated random sensitivity
maps was then added to the original DEM to produce
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Figure 4 Mean slope with 5% assumed error in DEM and resulting standard deviation

Table 1  Algorithm for recursive neighbourhood autocorrelation filter

u,; = N(O, DEM * 0.05)
For j = 1 To number of columns
For i = 1 To number of rows

, 2.1 1
uj; = E(Z (Ui + Uy g + Ui + U5 ) + 3 (Ui jur + Ui jur + U o Ui )

If |u,fj —u,»,/|2p Then

End If

End For

End For
Until max|uv’-u| < p
Where u is the node or cell in the field lattice, subscript i refers to row number increasing from top to
bottom and j refers to column number increasing from left to right. The algorithm sweeps column-wise
from left to right and top to bottom the random noise field calculating the weighted average of the 8
cells surrounding the i cell. The filter is iterated through the random field until all cells have a
difference with its neighbour cells less than a user-defined correlation parameter p ranging between 0
and 0.25.
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a perturbed realisation (version) of the original
DEM. For each of the perturbed DEM realisation,
the slope and catchment area maps were calculated.
To calculate the map of upstream catchment area,
flow direction for each pixel was found using a
steepest slope algorithm. This information was then
used to calculate the upslope catchment area by
accumulating recursively in each pixel the area of
all the pixels draining to it. The final catchment area
and slope maps with the estimated sensitivity due to
the assumed sensitivity in the original DEM were
obtained from the means and standard deviations of
the set of 150 realisations of catchments area and
slope. The steepest slope algorithm used to calculate
the drainage network is extremely sensitive to
perturbation in the DEM (Quinn et al. 1991). Catchment
area maps derived from the 150 DEM realisations
show a large variance due to many different possible
drainage connectivity configurations, many of which
did not have full connectivity to the outlet. For tackling
this issue, the mean DEM was again conditioned with
the river network to ensure full hydrologic connectivity.
As the hydrological connectivity is externally forced
through the DEM conditioning process, it does not
depend on the DEM accuracy, and therefore the
resulting catchment area map was considered invariant
under DEM sensitivity conditions and thus not included
in the sensitivity analysis presented below.

Data for the total value for annual crop production
were taken from the 2004 Agricultural Municipal
Production (PAM) data sets (IBGE 2005). The PAM
data contain annual information on planted area,
harvested area, quantity produced and the value of
production for 35 annual and perennial crops. A
time-invariant set of municipal boundaries have been
constructed to follow changes in key agricultural
variables over time (Torres et al. 2006).

Results and discussion

Due to the climatic and topography contrasts, the
potential availability of water in the Sdo Francisco
river basin has large spatial variations, with likely
impacts on the spatial patterns of agricultural
production and agricultural income. Figure 5 shows
the spatial distribution of the total value for crop
production in 2004 at the municipal level in (2004)
Brazilian Reais. These data will be interpreted below
in the context of the water availability index and the
crop-water productivity index.

The resulting map of the potential water availability
index (wai) is presented in Figure 6. As expected,

Total crop production in 2004

Reais x 1000
. P >100000
.
125 250 500
Kilometers

Figure 5 Spatial distribution of the total value for crop
production in 2004 at the municipality level

areas along the valley floors and in the wetter south
and western parts of the basin with higher precipitation
and moderate evapotranspiration (Figures 2 and 3,
respectively) have higher potential water availability
(darker blue portions of Figure 6). In contrast, reddish
portions of Figure 6 correspond to areas with low
potential water availability; these are found in the
relatively drier northern part of the basin and in the
mountain ranges with steep slopes and compara-
tively small contributing areas (Figure 4).

Figure 7a shows the resulting crop-water produc-
tivity index, on a per square metre area basis, aver-
aged over each municipality (equation 2). Figure 7b
illustrates the high-resolution CWPI on a per square
metre basis, averaged to the pixel level. Higher
CWHPI scores (the darker blue regions of Figures 7a
and 7b) are found in the northern and western
regions of the basin. Note that for a given value of
wai, a higher value for cropval will lead to a higher
CWPI. However, because cropval is normalised by
wai, high CWPI values are likely to correspond to
areas where productivity of water has increased due
human interventions (e.g. the installation of irrigation
systems). The CWPI value is high because in such
areas the cropval is large (high productivity and
trade) relative to the potentially available water,
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Figure 6 wai at pixel level under unforced conditions
in the Sao Francisco river basin
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indicating a high level of forcing or development.
Thus cropval by itself may not be a useful indicator
to quantify the level of productive use of potentially
available water resources, but in combination with
waij it can be a useful indicator to evaluate (a) agri-
cultural productivity per unit of water actually applied
(some fraction of potentially available water) and (b)
the fraction of potentially available water from direct
precipitation and from the river passing through the
area that is applied to the crops in different areas of
the basin.

To be useful, the index must display spatial varia-
bility — Figures 7a and 7b confirm our proposed
index has this characteristic. A range of values of
the proposed CWPI emerged from our analysis, and
one can break this range of values into two dimen-
sions, one representing a range of values for total
crop production and another representing a range of
values for the potential water availability index.’
Table 2 does so, dividing values of wai (the CWPI
denominator) into ‘high” and ‘low’ categories on the
vertical axis, and dividing values of cropval (the
numerator of the CWPI) into ‘high” and ‘low’ categories
on the horizontal axis.

at pixel level

v T High: 026
A

B Low: 2286
125 250 500
Kilometers

(b)

Figure 7 CWPI at (a) the municipality and (b) the pixel level
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Table 2 CWPI interpretation matrix

cropval
Low High
2 CWPI = Medium CWPI = High
3
K . - -
3 Medium priority Lesson learning
% CWPI = Low CWPI = Medium
=z

Intervention/high priority

Low priority

Low CWPI scores occupy the lower-left corner of
Table 2 where high measures of water availability
and low measures of the value of crop production
coincide. One would expect these low CWPI outcomes
to occur adjacent to rivers and in high-precipitation
regions where the value of aggregate output is low.
However, Figure 7b indicates that a very large number
of municipalities throughout the Sdo Francisco river
basin fall into this low CWPI category. There are
several explanations. First, most of these ‘red” munic-
ipalities have low proportions of area dedicated to
high-value crops and even smaller proportions under
irrigated agriculture. Second, and related, most of
these low CWPI municipalities are not located near
major cities or market centres. Third, and also related,
resource-poor small-scale agriculturalists tend to be
more prevalent in these municipalities than in others.

At the other extreme, high values of the CWPI
index occupy the upper-right corner of Table 2.
Municipalities occupying this cell have relatively
low amounts of available water but relatively high
values of total crop production. One would expect
these high-cropval/low-wai cases to emerge in areas
where irrigated agriculture is most prevalent. Indeed,
this is the case. The two major clusters of ‘blue’
municipalities in Figure 7 are precisely where major
investments in water conveyance infrastructure and
irrigation have been made. For example, the cluster
at the upper-right of Figure 7a is the Petrolina-
Juazeiro region, site of intensive public and private
sector investments in irrigation and high-valued annual
and perennial crops dating back more than two
decades. The cluster at the western side of the basin
is the Barreiras region, which is the centre of another

major irrigation project developed in the basin of
the Rio Grande. The region is a large producer of
corn, soybean, fruits and coffee among other products.
The city of Barreiras is the most important economic
centre in the region that received large investments
in providing a well articulated market.

Medium-level values for CWPI occupy two cells
in Table 2, the low-low and the high-high cells, and
these ‘yellow’ and ‘greenish’ municipalities in Figure
7a are distributed more or less uniformly throughout
the Sdo Francisco river basin, with the exception of
the ‘solid red’” zone in the middle of the basin. A
glance back at Figure 2 helps place this group of
municipalities into one of two cells in Table 2.
Those in the high rainfall areas in the southern and
central-eastern portions of the basin will likely fall
into the high-high cell; farmers in these municipalities
have been able to use rainfall and run-off to generate
relatively high values of total crop production.
Medium-level municipalities located in low rainfall
and low slope areas in Figure 7a suffer from low
aggregate values of crop production.

Several policy-relevant messages emerge from an
interpretation of the CWPI. First, access to water (by
the definition of potential water availability adopted
here) does not correlate well with value of crop
production. There are many municipalities in the
Sdo Francisco river basin which by virtue of their
locations in the basin have relatively more water
available than other municipalities, yet they have
not been able to effectively use that water to
increase the value of agricultural production, either
because the proportion of irrigated land is small or
irrigation is being applied to low-valued crops, or
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both. The existence of a wide range of values of the
index throughout the basin is an indication that
there is room for more efficient access to water or
that other factors can be used as a substitute for
water to increase agricultural productivity. Second,
most municipalities in the Sdo Francisco river basin
registered relatively low values of crop-water pro-
ductivity. This is primarily attributable to the narrow
and low value/low productivity nature of the prod-
uct mix options available to rainfed agriculturalists
in these areas. Third, irrigation matters greatly in
determining the value of agricultural output; those
(relatively few) municipalities that have managed to
supplement precipitation and make the other invest-
ments required to establish and maintain high-valued
production systems have very high crop-water pro-
ductivity index values. Finally, several relatively
large areas exist within the Sdo Francisco river basin
that are very ‘red’, i.e. clusters of municipalities which,
for probably a number of reasons, have not effec-
tively tapped their water resources for agricultural
purposes.

Sensitivity analysis

Sensitivity in input variables such as precipitation,
evapotranspiration and the value of crop production
can greatly affect the water availability index (wai)
and the CWPI,. How the sensitivity in input data
propagates to the output data is of great interest in
assessing the reliability of the indices, and of the
policy guidance derived from them. Propagation of
sensitivity in the input data to the output of the
model is presented here to evaluate the sensitivity of
the results to sensitivity in input data.

A sensitivity of 5 per cent in all of the data is
assumed for the purpose of the analysis. The covari-
ance of sensitivity for all the variables is considered
stationary and equal to the covariance of a subset of
100 sensitivity points randomly sampled throughout
the domain for different variables.

Calculating the propagation of uncertainty in
input data to output data can be greatly simplified
by using a first-order Taylor series expansion (Heu-
velink 1998). In this method, a given function is
approximated by taking its tangent around the mean
of the inputs. Using this linearisation process, the
output of the function can be easily evaluated for
small changes in the inputs, given by the variance/
covariance of the sensitivity. The variance of the
function output, given the uncertainty (sensitivity) in
the inputs, is approximated by
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) k k
= C,— — 3
° -2 Z{ ""9b, b } ©

where i=1,..., k, j=1,..., k represent each of the k
variables (b), C;; is the variance/covariance between
pairs of variables, f is the function (in our case the
CWHPI function) evaluated with respect to variables
b = {by,b,,....b}.

A first-order Taylor expansion like the one pre-
sented would expand to a number of terms equal to
the square of the parameters involved in the analysis,
but typically many of the inputs are uncorrelated so
the terms with non-significant covariance would
vanish. In the present case, we assume stationary
covariance in space (independent of location i),
drop the variance/covariance terms involving the
catchment area (which was considered not to prop-
agate the sensitivity in the DEM as the drainage
network is externally imposed), and use symmetry
of the covariance matrix to give the final expression
for the expansion used to evaluate the propagation
of the sensitivity in the input data to the CWPI as

dCPWI  aCPWI
dcropval,  OF;

dCPWI  oCPWI
dcropval, 95,

JdCPWI  oCPWI
ocropval, 9P,
dCPWI oCPWI

cropval E

+C

cropval,S

7 =2[+C

cropval ,P

dCPWI oCPWI

+Ces +Cep

oF, o5, oF, oP
ACPWI 9CPWI
*Csr as, P

, acPwi Y, (acPwi Y
+ Gr/‘o val i + E,i
P\ dcropval, |9

, (acPwi Y, (acPwi Y
10, +0p| ——
SIS, |\ ap

i

Here Ceopar represents the covariance between
cropval and potential evapotranspiration (E) and
Gimpva,/f represents the variance of cropval at location i.
The same notation protocol is used for other
covariance and variance terms.

The maps with the spatial distribution of the
standard deviations for CWPI resulting from an
assumed sensitivity of 5 per cent in the input data are
shown in Figure 8, aggregated at the pixel resolution
and in Figure 9 aggregated at the municipality reso-
lution. As can be seen in the figures, the uncertainty
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CPWI standard deviation
at pixel level

P igh 014

B Low : 1.Bde-7

Figure 8 Standard deviation of CWPI averaged at the
pixel resolution

CPWI standard deviation
average per municipio

P +igh - 0.0013

B Lov : 8.05e-7
125 250 500
Kilometers

Figure 9

Standard deviation of CWPI averaged at
municipality resolution

Precipitation

Crop value

Figure 10 Changes in CWPI with slope and crop value

in the output data is not randomly distributed in
space. A large part of the sensitivity distribution is a
result of the functional form of the index. Figure 10
is a partial reproduction of the CWPI function
against two variables, crop value and precipitation.
As can be seen in the figure, large absolute derivatives
of the CWP/ are found for small values of precipitation
and large values of the value of total crop production.
These portions with high derivatives are the most
sensitive part of the function domain where even
small variations in the input variable result in large
differences in the output data. This is consistent
with the results shown in Figures 8 and 9, where the
values of the highest standard deviation in CWP! are
mainly found in areas with high annual crop pro-
duction values per unit area.

From an analysis of the effects of sensitivity in dif-
ferent variables on CWPI function, it follows that
care has to be taken when interpreting CWPI for
areas with high crop production values. This would
also imply that more effort in collecting and treating
annual crop value data is required. Fortunately, the
areas of high CWPI values may not be currently
targeted for (perhaps additional) water management
interventions.

Conclusions

Increasing water productivity in agriculture is essential
for meeting future food needs. However, we currently
lack practical tools for measuring water productivity
in rural areas. This paper presented a crop-water
productivity index for large water basins using
readily available low-resolution data. The index is a
ratio of the value of annual crop production to a
dimensionless potential water availability index.
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The index is transferable, permits direct comparison
between different basins and is simple to calculate.
The algorithm can also be used to quantify and
analyse spatial input information uncertainty; such
information can be useful to decisionmakers in
assessing the relative risks associated with alternative,
site-specific agricultural investments. We calculate
the index for each of the 469 municipalities that
comprise the S3do Francisco river basin in Brazil.
Access to water does not correlate well with value
of crop production. There are many municipalities
in the Sdo Francisco river basin which by virtue of
their locations in the basin have relatively more
water available than other municipalities, yet they
have not effectively used that water to increase the
value of agricultural production. This result strongly
suggests that while access to water may be a
necessary condition for boosting the value of
aggregate crop production, other factors (e.g. access
to markets for high-valued products) may be equally
important in achieving this objective. Most munici-
palities in the Sdo Francisco river basin registered
relatively low values of crop-water productivity and
irrigation matters greatly in determining the value of
agricultural output; the relatively few municipalities
that have substantially supplemented precipitation
have very high crop-water productivity index values.
There is a broad array of CWPI values scattered
throughout the basin, demonstrating that agronomic
and market options exist in many parts of the Sao
Francisco river basin, regardless of climatic situations.
Several relatively large clusters of municipalities
have not tapped their water resources for agricul-
tural purposes; in an increasingly water-scarce world,
policymakers should look to areas like these as the
potential bread-baskets of the next 50 years.

Analyses of the effects of information uncertainty
on the crop-water productivity index suggest that,
due to the functional relationships between the var-
iables included in the index, we should take special
care in interpreting the results for municipalities
with very high values of total crop production. Small
errors in the numerator can cause large changes in
the value of the CWPI.
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Notes

1 The geographic term ‘extent’ is used to describe the geogra-
phical bounding measure for which the spatial analysis
is conducted; e.g. in this case the spatial extent of analysis
is the entire S3o Francisco river basin. In contrast, the term
‘resolution’ is used to characterise the smaller elements,
or units of observation, within the extent for which spatial
analysis is conducted; e.g. in this case, the resolution
for the agricultural analysis is the municipality, and the
resolution for the hydrologic analysis is the square kilometre.

2 Local is the length scale of the each spatial unit of
observation, e.g. one kilometre on-a-side pixel.

3 Taking the natural log of the ratio dampens the large
differences between wet and dry cells.

4 An alternative water availability index might use the
difference between the precipitation and evapotran-
spiration in its numerator but when they are equal that
water availability index would go to zero and this would
cause the ratio of crop value to the alternative water
availability index to be unbounded.

5 As noted above, alternative aggregation methods and
spatial resolutions of analysis were used in calculating our
proposed CWPI; the values associated with these
alternative index measures were highly correlated, so our
interpretation is robust across the various methods and
units of analysis examined here.
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