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Green Water: definitions and data for assessment

Executive Summary

Green water is that fraction of rainfall that infiltrates into the soil and is available to
plants. It includes soil water holding capacity and the continual replenishment of
reserves by rainfall. Green water is the largest fresh water resource, the basis of
rain-fed agriculture and all life on land; and yet it has received remarkably little
attention in contrast to blue water - the fraction of water that reaches rivers directly
as runoff or, indirectly, through deep drainage to groundwater and stream base

flow.

This review encompasses:
- The concept of green water: The distinction between green and blue
water; practical definition, restricting the concept to rain-fed conditions
and linking the concept of green water with rainwater use efficiency.

Physical principles of water storage in the soil: The climatic, soil
physical and ecological factors that determine the amount of green water
and its distribution across the landscape; and the global availability of
fundamental data.

Data availability:

The FAO-Unesco Soil Map of the World, compiled 20-40 years ago, is
the only harmonised geographic source; supporting soil physical and
soil water data are restricted for tropical areas generally. The FAO-
ISRIC SOTER database at scales from 1:1M to 1:5M is more robust
and, now, available for half of the land area.

Global and regional climatic data are readily available, though of
variable observation density and rarely including rainfall intensity,
which is crucial to the partitioning of rainfall between runoff and
infiltration. Data for decad or pentad periods and derived data such as
length of growing season are most appropriate for determining the
green water resource; temporal analysis is necessary to take account
of season-to-season variability and long-term climatic trends.

For up-to-date land cover data, interpretations of satellite imagery are
the only realistic approach.
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- There are various experimental measurements of runoff on well-
characterised sites; these provide some basis for extrapolation by soil,
terrain and climatic units.

- Data availability remains a constraint.

Ways of optimising green water and its use: Good husbandry of
green water means good land husbandry: through soil and water
conservation, tillage practices, water harvesting, crop management and
management of seminatural ecosystems. Review of experimental data
reveals a rich literature on techniques of soil and water conservation,
many studies producing evidence of reduced runoff and increased soil
water storage, commonly also with crop yield data; in contrast, there is
very little on crop management in relation to soil water and nothing on
management of seminatural ecosystems in relation to soil water. It is
striking that there are no reports of failures, little social and economic
assessment, and no indication of the extent of areas over which successful
management of green water is being employed.

Models to estimate green water and water use efficiency

Applications of remote sensing: Innovative work will be needed
because direct measurements of key attributes are few.

This report was commissioned in September 2002 by FAO Land and Water Division
as a foundation for a Green Water Initiative to make better use of green water
resources. The success of this initiative will depend on the cooperation of
international, regional and national partners, as well as the active involvement of
land users and water managers. The report concludes with an overview of national
and international institutes that have mandates encompassing or overlapping with
green water.
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1 THE GREEN WATER CONCEPT

1.1 Introduction

Concerns about food security and water security have always been with us. We may
now add concerns about biodiversity, environmental services and climatic change.
Water resources, their use and misuse are central to this debate: scarcity of water
is a dominant theme across most of Africa, the Middle East, China, the Indian sub-
continent and Australia. Every land use decision is a water decision; most decisions
are trade-offs and, yet hardly ever taken with water in mind; and green water, the
largest component of fresh water resources (Figure 1) has been largely ignored in
policy and research.

Rain-fed agriculture and grazing occupy most of the farmland: almost 80 per cent,
providing 60 per cent of world food. Although irrigation plays an important role in
food production and industrial crops, the possibilities of further extension seem to
be limited since water resources of sufficient quality are becoming scarce and
expensive. Increasingly, agriculture must compete with domestic, commercial and
industrial users and with the need to retain or return water to maintain
environmental services.

Increasing human populations and aspirations require increased food and industrial
production, so urgent attention to more efficient water use in rain-fed agriculture is
required. This is most obviously the case in semi-arid regions where farmers have
to cope with capricious rains and recurrent droughts. More than this, soils process
much more water than they actually hold: crop-, vegetation- and soil management
determine runoff, infiltration, soil water storage, groundwater recharge and stream
base flow (Figure 2). All these factors are embraced by the concepts of green
water: the fraction of rainfall that infiltrates into the soil and is available to plants;
and its doppelganger - blue water comprising runoff, groundwater, and stream
base flow.
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Figure 1

Global use of rainwater, %

Irrigation 3

All other uses 1

Groundwater

Eslimate assumes no nel change in groundwater.

Figure 1 Global use of rainwater
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Figure 2
RAINFALL g
* GREEN WATER
Evaporation $

BLUE WATER

Water, stored in the soil and used by plants, equals creen waler
Runoff and deep drainage, recharging groundwater and feeding streams, equals blue water.

{After Rockstriom, 1967)

Figure 2 Partitioning of rain water
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The goals of the ISRIC - FAO Green Water Initiative are: to bring the theme to
scientific and public attention; to increase the productivity of rain-fed agriculture, in
particular by smallholders, in support of sustainable livelihoods; and to secure
improved groundwater recharge and stream base flows for domestic, industrial and
environmental needs. Its immediate objectives are:

- Support to policy development, in the shape of green water maps showing
the availability of green water and the efficiency of water use under different
land use and management scenarios;

- An accessible knowledge base on soil and water conservation technologies,
water management technologies and cropping systems management that will
promote optimal water use. This knowledge base, in the form of linked
biophysical, social, and technological databases with reference maps, could
support projects aimed at better water use efficiency in rain-fed agriculture.
Ultimately it should be accessible to and used directly by farmers’
organisations and professional land and water managers.

This report is a literature review. This first chapter defines the green water concept.
Subsequent chapters provide information on data availability for preparing reference
maps that depict green water resources, and distinguish soils and terrain according
to their capability for improving green- and blue water resources.

Contacts have been established with partners in Sub-Saharan Africa to evaluate the
possibility of building a database and literature file that covers unpublished sources.
Partners were asked to complete a questionnaire on the availability of data (see
Annex 1 for the mailing list and questionnaire and Annex 2 for the availability of
data at the National Research Institutes).

1.2 The original concept

Green water was introduced together with water use efficiency in seeking options
and quantifying potentials for increased agricultural production in sub-humid and
semi-arid regions (Falkenmark 1995). In the original document, green water is
defined as the fraction of rainwater that infiltrates into the root zone and is used for
biomass production; equating with evapotranspiration.

The concept was introduced as the twin of blue water. Soil, terrain and land use
influence the partitioning of incoming rainfall between the vertical return flux to the
atmosphere (green water), and the horizontal flow to aquifers and rivers, dubbed
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blue water. The first partition, at the soil surface, splits the incoming water
(rainfall, run-on and/or irrigation) into runoff and infiltration. The second partition,
at the bottom of the root zone, separates green water from the surplus that drains
deeply to groundwater. Blue water originates both from the first partition, as run-
off, and from deep drainage below the second (Rockstrém 1997, Rockstrom and
Falkenmark 2000) - Figure 2.

The split between runoff and infiltration at the soil surface depends on: (1) rainfall
intensity, (2) soil wetness, (3) the infiltration capacity of the topsoil, detemined by
soil surface conditions (including crusting and vegetation cover), (4) slope length
and steepness.

The partitioning of water at the lower boundary depends on (1) water use by the
vegetation (in the case of farmland this involves crop, crop management and soil
nutrient management); (2) the hydraulic conductivity of the deeper soil layers
(Rockstrém 1997) and (3) climatic factors (Rockstrom and Gordon 2001).

Falkenmark and Rockstréom (1995) argue that blue water ( the main focus of global
assessments of present and future water resources, is of limited interest when it
comes to food security in Sub-Saharan Africa, where farmers depend essentially on
the rain for survival. But green water has to be used in situ; blue water can be
withdrawn for domestic and stock-water, irrigation, and industrial use (Ddll 2002).

1.3 Evolution of the Green Water concept

As soon as the concept was introduced, there was ambiguity about the division
between green and blue water. Although the focus of green water was on rain-fed
agriculture and ecosystems, it did not exclude irrigation; rather, it was a new term
for evapotranspiration. Rockstrom (1997) espoused green water originating mainly
from rainfall but, also, both run-on and overland flow infiltrating the root zone, and
irrigation water.

The question arises whether to include runoff diverted by water harvesting, and
irrigation water - both of which might be considered to be blue water. Rockstrém
(1999) acknowledged the crucial role of scale when analysing the availability of
green and blue water resources: a catchment with different ecosystems (e.g. crop
land, forests, wetlands, and grasslands) will be a series of blue-green flow flips,
before final blue water resource is determined from measurements of surface and



ISRIC Report 2003/3

groundwater discharge at the outlet of the catchment. Thus the blue water resource
is defined by a measurement of water flow, which is a matter of convenience, i.e.
scale. The distinction is clear when blue water is abstracted from rivers, surface
storage or groundwater for large-scale irrigation, household and industrial use.

In the same article, Rockstrom also stoked confusion, stating that open water
evaporation and evaporation of intercepted water can be included in the non-
productive fraction of green water.

When first introduced, green water was part of a package; the total package being
an instrument to analyse and quantify potentials for increased agricultural
production in sub-humid and semi-arid regions (Falkenmark 1995). In later
publications, it became more and more a stand-alone concept.

1.4 Removing confusion

Savenije (1999) sharpened the green water concept to transpiration by plants of
water derived directly from rainfall stored in the soil. The total resource available
over a given period of time equals the accumulated amount of transpiration over
that period. Irrigation is not taken into account in this definition: by completely
restricting the concept to rain-fed agriculture, Savenije removes the first point of
confusion between the original and evolved concepts. He tackles the second point of
confusion by introducing the class white water: that part of rainfall that returns
directly to the atmosphere through evaporation of water intercepted by the ground
cover and from bare soil; therefore excluding Rockstrom's "non-productive" green
water.

1.5 Rainwater use efficiency

Water use efficiency (WUE) is the biomass produced, divided by the mass of water
used by the plant in producing it. It is mostly applied to irrigated agriculture,
although it might equally well be applied to rain-fed production. The amount of
water used to produce a given yield is mainly influenced by the atmospheric
demand and the crop characteristics. WUE can be improved by converting soil
evaporation to plant transpiration or by diminishing any of the non-productive water
flows above in order to increase the available water (Rockstrém 1997).
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Rainwater use efficiency (RUE) was introduced by Gregory (1987) and has been
used recently by Stroosnijder and Hoogmoed (2002) to distinguish between water
use efficiency in rain-fed and irrigated agriculture. The farmer’s goal is to maximize
the productive flux of water (transpiration) and minimize the non-productive
(interception, soil evaporation, run-off and percolation beyond the root zone). RUE
can be increased by: decreasing the non-productive vertical flux (white water) and
by reducing the water loss at the water partitioning boundaries (Figure 2), thus
creating more green water and less blue water.

Rockstrém (1997) has adapted the following mathematical expression for WUE
from Gregory (1987):

WUE_1+(ES+D+RO%

where: Y is yield, E. is the crop transpiration, Y/E. is the transpirational water use
efficiency (WUEr), Es is soil evaporation, D is percolation, Ros is run-off. Increasing
the crop yield with the same amount of rainfall means increasing the productive
component of vertical water flow (green water) at the expense of the non-
productive vertical component E and the horizontal flow ( blue water).

1.6 Re-definition of green water

For the purposes of the Green Water Initiative, the term green water is used solely
in the context of rain-fed land use, whether under arable, grazing or natural
ecosystems. It comes in the original package of blue and green water together with
water use efficiency. A white water fraction is, also, adopted - so that evaporation of
intercepted water, and from bare soil and open water, is excluded from green
water.

We also propose to define green water, not as transpired water, but as the water
resource held in the soil that is available to plants. This enables focus on the
practical goals of better use of green water in rain-fed farming systems, and
improving groundwater recharge and stream base flow: there isn't a lot we can do
about transpiration. A key distinction is between green water, that has to be used in
situ by plants, and blue water that can be tapped for various uses elsewhere. The
revised concept is in line with the World Water Vision document prepared for the
World Water Council (Cosgrove and Rijsberman 2000).
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The revised concept is restricted to rain-fed conditions, so it seems appropriate to
use it along with the term Rainwater Use Efficiency (RUE), while retaining the

mathematical definition given by Rockstrom (1997).

Considering the possible confusion between blue and green water, arising from
scales of operation, four levels may be distinguished:
1. Field level - techniques to increase infiltration on the spot;
2. Farm level - water harvesting techniques and on-farm water redistribution;
3. Catchment level, small dams - water redistribution within the catchment;
4. Large dams - water storage for irrigation and electricity generation.

Levels 1 and 2 fall easily within green water. Whether level 3 should be included or
excluded remains fuzzy; small dams on the farm might well be included and small
dams to supply water to multi-farmer small-scale irrigation schemes might not,
although the question is pedantic. Level 4 clearly concerns large blue water
reservoirs and irrigated agriculture.

1.7 Quantification of blue and green water resources

Global quantification

Shiklomanov (1998) estimated the global precipitation over land to be 119
000 km3y'; stream flow (blue water flow) is estimated to be 47 000 km®y™ and
evapotranspiration (green water) 72 000 km’y™'; with mankind using 3500-4000
km?y™ of the blue water - 69 per cent in agriculture, 23 per cent for industry, and 8
per cent for domestic use.

Cosgrove and Rijsberman (2002) estimated the annual resources to be:

- 40 000 km? of blue water, the portion of rainfall that enters streams and
recharges groundwater and the traditional focus of water resources
management;

- 60 000 km? of green water, or soil water, the portion of rainfall that is stored
in the soil.

See also Falkenmark's estimate depicted in Figure 1.
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Conceptual quantification
The split into green, white and blue water occurs at two yield-determining partitions

(Figure 2). To quantify the fractions, the parameters influencing the apportioning
ratios need to be described: Table 1.

Table 1 Parameters influencing the partitioning ratios of green, white and blue water
Soil Water Atmosphere Soil Management Plant Management
Crop factors
Surface conditions Transpiration
coefficient
Crust status Runoff Rainfall
Infiltration Run-on Intensity Mulching Plant density
Quantity Tilling practices
Duration Early soil prep.
Topography Slope length
Slope Stone rows Early planting
Landform Hedgerows Weeding
Bunds
Soil thickness Water Harvesting
Soil wethess Soil Atmospheric
Rootable evaporation demand
thickness (PET)
Storage capacity
Manuring*
Nutrients* Fertilization*

Infiltration rate Percolation
Hydraulic
conductivity

* Nutrients, manuring and fertilization as far as they influence the water balance

Plant management parameters are more-or-less fixed. Besides crop modifications
and manipulations that could improve the transpiration coefficient of the crop,
variations in the plant density and planting period are the only two factors that can
be modified by farmer. Plant management practice was included when found in the
literature search.

Climatic data are fundamental: rainfall intensity, especially, affects runoff and run-
on. Atmospheric demand and ground cover determine white water. Potential
evapotranspiration is determined by radiation, temperature, relative humidity, and
wind speed acting on the vegetation cover. Climatic data are becoming more readily
available through the Internet. Climatic data atlases and other possible data sources
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have been included in the data and literature search. However, data on rainfall
intensities are rare in the climatic archives mentioned. References to articles and

reports mentioning rainfall intensity data have been included in the Endnote file.

Soil data are of fundamental: the data and literature review concentrate on soil
physical parameters derived from the ISRIC global datasets. References to articles
and reports mentioning these parameters are included in the Endnote file.

Soil management practices influencing the partitioning of water include mulching
and tillage that influence infiltration and, thus, run-off. Modifications to reduce slope
length and, thus, soil erosion - stone rows, hedgerows and bunds - also influence
infiltration and represent some of the more successful cases of management.
References to articles and reports are in the Endnote file. Where applicable, a
summary of these cases is given.
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2 SOILS

2.1 Gilobal and regional datasets

Global and regional assessments depend upon modelling (Cramer and Fischer 1997,
Scholes et al. 1995) and, hence, on the compilation and processing of large data
sets for land and water resources, using well-documented procedures and
standards. In the case of soil and terrain data, the requirements include: up-to-date
geographical coverage, secondary information obtained via transfer functions or
models from the primary (measured) soil data, and monitoring of changes in soil
characteristics as associated, for example, with changes in land use systems and
processes of global change (Baumgardner 1999, Bullock 1999).

A wide range of national and regional digital databases on soil resources is
becoming available (see: http://lime.isric.nl/index.cfm?contentid=287 and
http://www.itc.nl/personal.rossiter). They include both soil geographic and attribute
data - for example, the data sets for the USA (Lytle 1999), Canada (Lacelle 1998)
and the European Union (Le Bas et al. 1998).

2.2 Soil Map of the World and derived databases

The Soil Map of the World (SMW) at scale 1:5 million (FAO-Unesco 1974-1981)
remains, more than 40 years after its commencement and more than 20 years after
its completion, the most comprehensive overview of world soil resources. It is a
compilation of numerous national and regional maps, using a common legend. At
the time of compilation, in the 1960s to early 80s, soil maps for many countries
were available for limited areas only and at various scales. In addition, relatively
few regionally representative profiles were available. Hence, interpretations were
often qualitative and based on expert judgement.

12
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The digital SMW (FAO 1995) includes both a vector version and a rasterized version
(5" x 5%'). The latter was used to prepare a 30 by 30 minutes raster map for the
World Inventory of Soil Emission Potentials (WISE, Batjes et al. 1995). The spatial
component of the WISE database is linked to an extensive collection of soil profile
data, presented in a uniform and harmonized format (Batjes and Bridges 1994).
Several WISE-derived data sets can be downloaded from the ISRIC website
(www.isric.org).

In 1997, the International Institute for Applied Systems Analysis (IIASA), FAO and
ISRIC identified the need to refine the agro-edaphic element of the FAO Agro-
Ecological Zones (AEZ) methodology and the IIASA’s Land Use Change and Land
Cover project for Europe and Northern Eurasia. The resulting study was based on
the analysis of the 4353 soil profiles held in version 1.0 of the WISE database. It led
to the development of a set of files holding ‘derived soil data for use in global and
regional AEZ studies’ (Batjes et al. 1997). Soil unit, topsoil textural class, and depth
zone (0-30 cm and 30-100 cm) were used to cluster the horizon data in accordance
with conventions developed by FAO for use with the Soil Map of the World. Soil
parameter estimates are presented for the two FAO soil legends: 1974 and 1988.
The 1988 Revised Legend has been used to linkage with SOTER databases that use
the same legend (see below).

The above study identified many gaps in the extant datasets - geographic,
taxonomic and soil physico-chemical; it showed the persisting need for expanding
the set of soil profile data available for this type of analyses, and for the
development of pedo-transfer functions. Batjes (2002 b and c) plugged important
gaps in the soil profile data and refined the methodology to generate a revised list
of soil parameter estimates for the world: 28 parameter estimates including organic
carbon; cation exchange capacity; bulk density; total porosity; weight percent of
sand, silt and clay; and available water held between -5 kPa and -1500 kPa, -10 kPa
and -1500 kPa, and -33kPa and -1500 kPa, respectively. All these soil attributes are
very relevant to the Green Water Initiative.

The above set of soil parameters should be seen as best-estimates, based on the
worldwide selection of soil profiles and the adopted data clustering procedure; it is
appropriate for use in studies at a regional to global scale (smaller than 1:250 000).
Correlation of soil analytical data, however, must be done more accurately when
more precise scientific research is considered (Batjes 2002b). Similarly, national
sets of representative profiles should be used in more detailed studies whenever
available. A comprehensive update of soil parameter estimates for the soil types of
the world will first become feasible upon the completion of the World Soil and
Terrain (SOTER) program.

13
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Examples of applications of the soil parameter and spatial data sets derived from
WISE include: modelling of global environmental change (Alcamo et al. 1998,
Bouwman and van Vuuren 1999, Cindery et al. 1998, Ganzenveld et al. 1998,
Hootsmans et al. 2001): up-scaling and down-scaling of greenhouse gas emissions
(Bouwman et al, 2002a, Bouwman et al. 2002c, Knox et al. 2000); global emissions
of NHs (Bouwman et al., 2002b); and agro-ecological zoning (Fischer et al. 2001,
2002). A subset from WISE version 1.0 provided the soil profile attribute basis for
the activities of the Global Soil Data Task Force of IGBP-DIS (2000).

2.3 World Soil and Terrain Database

The advantages and disadvantages of the Soil Map of the World and its grid-based
derivatives have been reviewed by Bouwman (1990), Nachtergaele (1999) and
Batjes (2000): the spatial data are known to be outdated; the associated area data
have been derived from composition rules (FAO 1995); the density and quality of
the available soil profiles varies greatly (Batjes 2002b). Hence, the need for the
current program to update the information on the world’s soil resources at scale 1:5
million in SOTER, the World Soils and Terrain Database program (Oldeman and van
Engelen 1993, van Engelen 1999).

SOTER was initially developed for use at scale 1:1 million (Baumgardner and
Oldeman 1986) but the procedures can be applied, with minor modifications, at
scales ranging from 1:100 000 up to 1: 5 million. Each SOTER unit represents a
unique combination of terrain and soil characteristics, and is characterized by at
least one representative soil profile (van Engelen and Wen, 1995). SOTER units
(areas with distinctive, often repetitive patterns of landform, slope, parent material
and soils) and their component soils are linked to a map using GIS. The geographic
and point attributes of each SOTER unit are held in a relational database.

Nachtergaele (1999) compiled a comprehensive overview of national-scale
databases available for use in the SOTER program. Completed regional SOTER
databases include those for Latin America and the Caribbean (FAO et al. 1998) and
Central and Eastern Europe (FAO and ISRIC 2000). SOTER Southern Africa at scale
1: 2 million, which covers Angola, Botswana, Mozambique, Namibia, South Africa,
Swaziland, Tanzania, and Zimbabwe, is completed (January 2004). Examples of
national SOTER databases include those for Hungary (Varallyay et al. 1998), Benin
(Igue 2000, Welle, 2002), and Kenya (Mantel and van Engelen 1999). Mantel et al.
(1999) demonstrated the usefulness of the SOTER approach at scale 1:250 000 in
Berau, East Kalimantan (Indonesia). Figure 3 shows the current status of SOTER
worldwide.
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STATUS OF SOTER DATABASES IN 2003
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Figure 3 Status of worldwide SOTER, July 2003

SOTER mapping at 1:5 M scale, using digital elevation models and remote sensing,
is ongoing in Europe (King et al. 2002) and the USA (Dobos et al. 2002). So far, few
SOTER-related activities have been undertaken in Asia, Australia and Canada but
work is beginning in India and Australia.

Examples of applications of SOTER data include land evaluation (Weller 2002),
modelling of yield decline upon water erosion (Mantel et al. 1996), assessments of
soil organic carbon stocks and change at national scale (Batjes 2002a, Falloon et al.
1998), and studies of soil environmental protection (Batjes 2001, Varallyay et al.
1998) and similar techniques may be applied to generate green water
interpretations.

2.4 Database of soil water and hydraulic properties

Complex computer models have been developed to simulate water and solute
movement in the unsaturated zone. A bottleneck for applying these models remains
the lack of accessible and representative soil hydraulic data: soil texture, hydraulic
conductivity, water retention characteristics and infiltration rate. Commonly, these
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data are under-represented in SOTER and WISE because these databases have
been compiled using profiles derived from standard, systematic soil surveys.

The UNsaturated SOil hydraulic DAtabase (UNSODA) was developed at the U.S.
Salinity Laboratory to provide unsaturated hydraulic data and several other soil
properties. It includes water retention, hydraulic conductivity and soil water
diffusivity, as well as standard soil properties such as particle-size distribution, bulk
density, and organic matter content (Nemes et al. 2003). For Western Europe, a
similar database has been developed in the framework of HYPRES (Using existing
soil data to derive hydraulic parameters for simulation models in environmental
studies and in land use planning) (Wdsten et al. 1998).

Both UNSODA and HYPRES focus on soils of the temperate regions. Strongly
weathered soils of tropical regions often show markedly different soil hydraulic
properties (Tomasella and Hodnett 1997, 1998; Van den Berg et al. 1997) but there
are few data sets to develop pedotransfer functions. The IGBP-DIS data set for
pedotransfer function development (Tempel et al. 1996), for example, contains only
771 horizons from tropical soils with sufficient data to develop a PTF (Hodnett and
Tomassella 2002). This lack of measured data for tropical soils, and for low-density
soils like Andosols, constrains the modelling of water movement and uptake in
tropical areas.

Wosten et al. (1998) have published a comprehensive list of references on
pedotransfer functions.
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3 WATER

3.1 Scales of study

To determine actual and potential green water, it is necessary to measure the
partitioning of rainfall. Figure 2 illustrates the water flows in rain-fed cropping
systems as well as the dynamic components of the water balance: rainfall, runoff,
run-on, evaporation, drainage and transpiration. Quantification of the dynamic
components depends very much on spatial and time scales.

The point scale is mostly used to measure infiltration but is not appropriate to
measure runoff (which is prevented in most techniques measuring infiltration under
a constant head of water). Hydraulic conductivity, used for the determination of
drainage, can however be measured at the point scale. Likewise, the point scale is
the most appropriate to quantify direct evaporation from the soil surface (Ritchie
1972). The time scale is usually per minute or per hour.

The plot scale (<100 m?) is the Wischmeier scale at which soil erodibility is
commonly determined. On this scale, also, runoff can be measured e.g. to
determine rainfall-runoff relations for different soil types or to study the influence of
slope length or slope angle; and water balance studies can be performed at the plot
scale when soil water measurements are conducted and when soil evaporation is
determined. The most appropriate time scale for these determinations is hours or
days.

The field is the management unit. The field scale (1-8 ha) is most used for on-farm
water balance. Amongst others, Rockstrém et al. (1997, 1999, 1998) have
determined runoff, run-on, evaporation and drainage at the field scale. Since fields
are not homogeneous in terms soil and terrain, it is difficult to apportion the
quantified parameters to a particular soil type or landform. The time scale usually
used for these determinations is hours or days.

At the catchment scale, measurements of runoff are performed in the river
channels, usually at a weir. Zimbabwe is an example of a country in Africa with an
extensive network of river gauging stations, originally set up to estimate the
storage potential for small earth dams (Interconsult and NORAD 1985). Catchment
runoff is mostly determined on a monthly or annual basis.

21



ISRIC Report 2003/3

Runoff and evaporation data are available from most of the respondents to the
guestionnaire (2,4,6,7,8) but the scale of determination scale was not given.

3.2 Information at point and plot scale: examples

Early measurements by Stroosnijder and Kone (1982) showed that cumulative
actual soil evaporation between showers in the growing season can be described by:

SE=f(LAI) * PEVAP + 3.5 * ({5 1)

Where f(LAI) is a correction term depending on the leaf area index, PEVAP is the
potential evaporation (in Mali, approx. 70% of pan evaporation), t is the number of
days since the previous rain.

The cover only affects evaporation on the day after the rainfall. Thereafter the
cumulative evaporation is proportional to the square root of time (Stroosnijder
2003).

Within the HAPEX-Sahel experiment, measuring the hydrological functioning of
different soil types under various covers, Peugeot et al. (1997) report on two

catchments studied at the plot scale and the catchment scale. Runoff plots were
set-up in sandy soils with erosion crusts, particular plots were assumed to be
representative of the hydrological behaviour of a particular surface cover (bare,
fallow grassland and millet).

Zougmoré et al. (2000) provide runoff data at plot level for kare soils and soils
under sorghum-cowpea intercropping for Saria, Burkina Faso over a three year

period.

Valentin and d'Herbes (1999) and Rockstrém (1999) provide runoff data at plot
level for Niger.

Rockstrém et al. (1998) modelled water balances for runoff-producing surfaces,
surfaces receiving run-on water, and a reference surface with zero runoff and run-

on. Besides data on runoff, they include data on evaporation and drainage.

Examples from the literature are listed in Table 2.
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Table 2 Examples of runoff, run-on, evaporation and drainage data at point or plot scale
in selected countries of Africa

Country Soil type Cover Data Reference
Burkina Faso Bare Runoff (Zougmoré et al.
Sorghum-cowpea 2000)
Kenya Rhodic Ferralsols Maize Runoff (Wakindiki and Ben-
Hur 2002)
Niger Sandy soil Bare Runoff (Peugeot et al. 1997)
crusts Grassland
Millet
Niger Sandy soil Natural vegetation Runoff (Valentin and d'Herbes
crusts 1999)
Niger Ustic Fallow Runoff, (Rockstrom et al.
isohyperthermic  Millet Evaporation, 1998)
Typic Haplustult  Sorghum drainage
Niger Typic Haplustult  millet Runoff, (Rockstréom 1999)
Evaporation,
drainage

3.3 Information at field and hill slope scale: examples

Rockstrom (1999) studied the water balance in millet fields with a 2%-3% slope,
from a part of a typical Sahelian toposequence draining from a laterite plateau.

Bennie and Hensley (2001) overview techniques to maximize infiltration in dryland
agriculture in South Africa, giving runoff data for various soil types under various
cultivation practices.

Stroosnijder (1982) provides runoff values for different Sahelian soil types,
measured at the hill slope scale.

Schwab et al. (1981) list runoff values for a large range of soil types, with various
vegetation covers and for different rainfall intensities.

Some of the publications referred to in Chapter 5 also provide data on runoff (or
other water balance factors) at the field scale, see Tables 10, 11, and 12.
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Information at catchment and country scales

Data on runoff and evaporation at catchment and country scale are available on the
Internet but their usefulness for the Green Water Project is limited: in most cases,
the long time period considered (monthly or annual) is not appropriate for rainwater
use efficiency calculations, and does not distinguish the high variability of rainfall.
Likewise, the spatial resolution is too coarse to differentiate different soil types and
vegetation covers. However, some indication of the potentially available water can
be of interest as a starting point in studies of hydrological dynamics.

The state of freshwater systems and resources in South Africa is given on
South Africa has one of the lowest annual precipitation:runoff ratios in the world
(Figure 4). The website also shows the distribution of the mean annual runoff over
the country, with low runoff in the western regions and high runoff in the east. Also,
http://amanzi.beeh.unp.ac.za/agency/users/lynch/atlas 266.htm provides median
annual runoff data for the different provinces of South Africa.

800
700 -

Austria
600 -
500 A
400

Inited Kingdom

West Germany

300 5%,

USA
200

100 4 _ _ﬁ-ﬂmlﬂ—'-——_—l%_—

MEAN ANNUAL RUNOFF {mm)}

I I I I
100 300 500 700 900 1100
MEAN ANNUAL PRECIPITATION (mm)

Figure 4 Mean Annual Runoff vs. mean annual precipitation
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A Global Water Database is a meta-data system managed by the University of New
Hampshire, containing annual and monthly country river discharges at a 30-minute

spatial resolution (http://www.grdc.sr.unh.edu/index.html).

The Water Systems Analysis Group is involved in broad-scale aspects of the
terrestrial water cycle. The website provides links to global water databases, global
runoff datasets and water cycle data (http://www.watsys.unh.edu).

The Center for Research in Water Resources (University of Texas at Austin) has
developed a digital atlas of the World Water Balance - an integrated set of data files
and models in GIS format that can be used to characterise the water balance

(http://www.ce.utexas.edu/prof/maidment/atlas/atlas.htm). Details are provided
for Morocco and Niger.

FAO and UNESCO maintain an educational and informational website on the Soil
Water Balance of Africa which demonstrates how simple, monthly potential
evaporation and soil-water budget calculations can be made within ArcView GIS.
Input requirements are precipitation, potential evapotranspiration and soil water
holding capacity. Links to obtain the input data are provided

(b A ite A htm ).

Table 3 Sites providing data on (global) runoff and/or evaporation data

Country Website

South Africa h