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Abstract: The understanding and quantification of groundwater recharge in semi-
arid areas is fundamental to sound management of water resources in such areas.
A soil water balance model, if designed to adequately represent the physical
processes involved, and if carried out with a short enough (daily) time step,
can provide realistic estimates of deep drainage (potential recharge) over long
periods.

We describe a single store (single layer) mass water balance model applicable to
semi-arid areas, which recognises the wetting of the near-surface during
rainfall, with subsequent availability of water for evaporation and
transpiration in the days following rainfall. The model allows for the major
hydrological processes taking place at or near the soil-vegetation surface
including runoff.

Model results are presented for north-east Nigeria, for a continuous period of
36 years during which mean annual rainfall was 431mm (range 321-650mm) and mean
annual modelled deep drainage was 1l4mm (range 0-95mm, with 23 years having zero
potential recharge). The results show clearly that annual recharge bears little
relation to annual rainfall. The temporal distribution of daily rainfall and
the magnitude of the antecedent (pre-season) soil moisture deficit are the
strongest determinants of deep drainage at a particular location, in a
particular year. Sensitivity analysis of soil and vegetation parameters
suggests that deep drainage is most sensitive to water holding capacity and
rooting depth. These are key parameters which determine spatial variability of
potential recharge.

The model is shown to be plausible by examination of the concepts which underlie
it, by comparison with field soil-moisture measurements, and by the model's
ability to represent qualitative observations of crop yield variations from year
to year.

Future development of the model could include applications to other climatic
conditions and the inclusion of other hydrologic processes.
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Revision Notes

Reviewer #1: The paper is now much clearer and will make an excellent
publication. Many of the comments have been satisfactorily addressed.

There are three very minor issues that should be addressed:
Abstract:

1. line 20 - 21. This comment is still too bold within the abstract:

First it is the modelling that indicates that the annual rainfall is not a
good predictor, not the data. Secondly, and more importantly, Figure 8
clearly shows a statistical relationship between annual rainfall and
modelled potential recharge. Please change to something like "The
modelling results indicate that annual rainfall totals are not the main
predictor of annual recharge." Linked to above in the body of the paper at
lines 429 - 431 - remove convincing. Change to something along the lines
of "Figure 8 demonstrates that in semi arid areas annual rainfall totals
are not a good predictor of annual potential recharge".

THIS ADVICE HAS BEEN INCORPORATED IN FULL.

2. Lines 30 - 31 are not suitable for the abstract, since do not reflect
whats in the paper. Change to something like "Future development of the
model could include applications to other climactic conditions and the
inclusion of other hydraulic processes."

THIS ADVICE HAS BEEN INCORPORATED IN FULL.

3. 624 - 626. Here the output is compared to edmunds's work in Northern
Nigeria. However mot enough information is included for the reader. It
needs to be clarified that the model is being compared to data that was
collected using the chloride profiling technique and that these results
showed an average annual reharge of XXX - consistent with the modelled
results.

LINES 624-626 HAVE BEEN EXPANDED ALONG THE LINES ADVISED.
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Abstract

The understanding and quantification of groundwater recharge in semi-arid areas is
fundamental to sound management of water resources in such areas. A soil water balance
model, if designed to adequately represent the physical processes involved, and if carried out
with a short enough (daily) time step, can provide realistic estimates of deep drainage

(potential recharge) over long periods.

We describe a single store (single layer) mass water balance model applicable to semi-arid
areas, which recognises the wetting of the near-surface during rainfall, with subsequent
availability of water for evaporation and transpiration in the days following rainfall. The
model allows for the major hydrological processes taking place at or near the soil-vegetation

surface including runoff.

Model results are presented for north-east Nigeria, for a continuous period of 36 years during
which mean annual rainfall was 431mm (range 321-650mm) and mean annual modelled deep
drainage was 14mm (range 0-95mm, with 23 years having zero potential recharge). The
modelling results indicate that annual rainfall totals are not the main predictor of annual
recharge. The temporal distribution of daily rainfall and the magnitude of the antecedent
(pre-season) soil moisture deficit are the strongest determinants of deep drainage ata

particular location, in a particular year. Sensitivity analysis of soil and vegetation parameters
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suggests that deep drainage is most sensitive to water holding capacity and rooting depth.

These are key parameters which determine spatial variability of potential recharge.

The model is shown to be plausible by examination of the concepts which underlie it, by
comparison with field soil-moisture measurements, and by the model’s ability to represent

qualitative observations of crop yield variations from year to year.

Future development of the model could include applications to other climatic conditions and

the inclusion of other hydrologic processes.

Keywords: Deep drainage, Potential recharge; Evapotranspiration; Nigeria; Semi-arid; Soil

water balance.

1. Introduction

In semi-arid areas, the question of whether and under what conditions groundwater recharge
occurs, and its magnitude, are fundamental to the management of water resources. Questions
of spatial and temporal variability, as a function of soil, vegetation, and weather properties,

are also basic to the understanding of the hydrology of such regions.

Estimating deep drainage (also referred to in this paper as potential recharge) in semi-arid
environments is difficult for several reasons. First, the re-distribution of rainfall by the runoff
process, and consequent localisation of infiltration and deep drainage would lead to a high
degree of spatial variability of deep drainage, even were there no spatial variations in soil and
vegetation properties. When soil and vegetation variations are considered too, the problem of

spatial variability is compounded.

Second, the re-distribution of infiltrated rainfall in the soil profile, and its uptake by roots of
crops and natural vegetation are complex processes. Our ability to adequately represent these
subtle processes in multi-layered soil models incorporating assumptions about root-water

uptake is so far rather limited. We suggest here that a modified single store (single layer) soil
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water balance model which makes few assumptions about the depth from which roots prefer
to extract water, can adequately represent the processes involved, and provide reliable

estimates of groundwater recharge under cropped land in semi-arid areas.

Third, in semi-arid environments the estimation of deep drainage is challenging because the
potential evapotranspiration is invariably much larger than the rainfall. Consequently doubts
have been expressed about the suitability of the soil water balance technique. Hendrickx and
Walker (1997) consider that soil moisture budgeting models are of limited use since they are
prone to large errors in recharge rates. This is a valid criticism when the model fails to
represent soil and crop conditions, or uses too long a time step. The longer the time step, the
greater the numerical similarity between infiltration and actual evapotranspiration, and hence
the smaller the difference (deep drainage) between the two, and consequently the greater the

possible error.

Field experiments for quantifying deep drainage, such as the use of natural or artificial tracers
(eg chloride) or consideration of the movement of water in the unsaturated soil zone
(Hendrickx and Walker 1997; Edmunds et al, 2002), provide valuable insights into the
recharge processes but they are not suitable for routine estimation of potential recharge over
large areas, or over long time periods. The soil water balance method is an alternative
approach. If it provides a reliable representation of conditions for the crop and the soil,

acceptable potential recharge estimates can be obtained.

A detailed review of alternative methods of estimating recharge, including soil water balance
models, is provided by Kendy et al. (2003). An early example of potential recharge
estimation in North-eastern Jordan using a soil water balance (Lloyd et al. 1967)

demonstrates the viability of this approach.
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Soil water balances are used widely in hydrological studies, but they vary in their features

because the components included in the balance depend on the objectives of the study. Water
balance methods are widely used for estimating crop water requirements in semi-arid areas as
described in the FAO Irrigation and Drainage Paper 56, Crop Evapotranspiration (Allen et al.

1998). The methods described in that report are based on extensive field experience.

In order for the methods described by Allen et al (1998), and by us, to be used for regional
potential recharge estimates, further work is needed on the appropriate lumping or
discretisation of soil and vegetation properties over large areas with mixed bare soil, crop

cover, and sparse shallow- and deep-rooting natural vegetation.

The conceptual and computational models described in this paper are intended for point
estimates of deep drainage where daily rainfall records are available together with
information about the reference crop potential evapotranspiration. From information about
the soil, the crop and bare soil evaporation, estimates are made of the actual
evapotranspiration throughout the year. No unnecessary comp lexities are included in the

methodology.

The paper first presents (in section 2) the individual physical processes which together
contribute to the conceptual model of the changing conditions in the soil and crop. These
form the basis for the soil water balance calculations (presented in section 3, and applied
there to Nguru, one of two sites in North-East Nigeria — see below). The conceptual and
computational models must reflect the relevant properties of the soil, the nature of the crop,
the growth of roots, the potential evapotranspiration from both the crop and from bare soil,
the reduced evapotranspiration due to limited moisture availability and the conditions under

which recharge can occur.
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Section 4 of the paper further discusses the application of the model to Nguru and Maidu guri,
two sites approximately 300km apart in semi-arid North-East Nigeria. Their locations are
shown in Figure 1. The region is underlain by the Quatemary Chad Formation of the Yobe
river basin system which consists of sands and clays, overlain by superficial aeolian and
alluvial materials. Rainfall has a unimodal distribution with the rainy season starting in
May/June, peaking in August and finishing in September/October. The remainder of the year
is mainly dry. AtNguru (Figure 1) rainfall data are available from 1962-1997. The mean
annual rainfall for the study period is 431 mm. For Maiduguri there is detailed field
information for one rainy season including a study of soil water conditions and crop growth
for experimental plots. It is assumed that the sandy soils and millet crop have the same

properties and growing seasons at the two locations.

In section 5 the plausibility of the soil water balance calculations is assessed by comparing
with field soil moisture records and with crop yields. In section 6 the sensitivities of the

recharge estimates to possible variations in soil moisture balance parameters are examined.

Three important features of the model are particularly highlighted: first, the unmanageable
complexities of multi-layer models (especially in a developing-country context) are rejected
in favour of only the necessary level of complexity needed to adequately represent the
physical processes involved. Second, to represent the early stages of crop growth in semi-
arid areas when there is a substantial soil moisture deficit compared to the rooting depth a

new feature is introduced, namely near surface storage, which represents water stored in the

vicinity of the soil surface which is available for evapotranspiration on rainless days
following major rainfall events. Third, in the absence of the possibility of validating the
model using known values of deep drainage, model plausibility is evaluated, with reference
to the physical credibility of the model, and to documented features of the soil-crop-water

relationships in the region.
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Further application of the model by one of the authors (Rushton) has led to it being used by
the UK Environment Agency (Hulme et al, 2001) in a temperate climate; additional
modifications are expected to allow its use in the humid tropics too. This versatility is

viewed by the authors as a significant strength.
INCLUDE FIGURE 1 HERE

2. Key physical processes

When using a soil moisture balance to estimate deep drainage from the base of the soil zone

there are certain key physical processes which must be represented.

2.1 Key physical processes: Figure 2(a) illustrates the principal hydrological processes

associated with the soil zone during a specified period of time, which is usually selected as
one day (Gee and Hillel 1988). Part of the rain falling on vegetation may be intercepted, and
subsequently evaporate, making it unavailable for infiltration. It can be argued that in semi-
arid locations the explicit estimation of interception is unnecessary, since actual
evapotranspiration is water-limited rather than energy-limited. The water which is
intercepted and evaporated is not subsequently available for transpiration, so the total of
interception and transpiration is similar to what would be calculated as actual
evapotranspiration if interception were ignored. Although Savenije (2004) argues, with some
justification, that modellers should not ignore interception, our model makes no explicit
allowance for it. Nevertheless, the inclusion of interception would be a simple modification

were it considered appropriate.

When the rainfall reaches the ground surface it will enter the soil zone unless it exceeds the
infiltration capacity. Water which does not enter the soil zone becomes runoff. The
infiltrating water results in an increase in the water stored in the soil zone. From the soil
zone, water is transpired by plants, water is drawn to the soil surface for evaporation and

some water leaves from the base of the soil zone as deep drainage.



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

Page 70130

INCLUDE FIGURE 2 HERE

Figure 3 shows how crop conditions change with time. The diagram refers to a single crop
grown during the rainy season. Before the crop is sown, bare soil evaporation is the only
process occurring. After sowing, the roots extend and draw water from deeper in the soil
store, transpiring it to the atmosphere. After harvest bare soil conditions apply once again.
Three significant soil zone conditions are sketched in the lower half of Figure 3; they are each

considered in more detail in Section 3.
INCLUDE FIGURE 3 HERE

2.2 Transpiration and water stress: transpiration is the process of water loss from vegetation;

this requires the extraction of water by the root system. Transpiration is caused by the
evaporative demand of the atmosphere through the process of vapour exchange between the
leaves and air; it depends on a large number of climatic factors such as radiation, air
temperature, air humidity and wind speed, which determine the pressure gradient between the
plant tissues and the air. Differentkinds of plants have different transpiration rates,
depending on their number of stomata and other characteristics. However the availability of
soil water and the ability of the roots to extract water from the soil are key factors which
affect the actual transpiration rate (Allen et al. 1998). Although plant stomata respond not
only to soil moisture deficits, but also to atmospheric conditions, in our model the crop is
assumed to transpire at the potential rate when there is no limitation of soil water supply. As
the soil water content decreases, the system comes under stress and the transpiration rate

decreases. Transpiration ceases at the permanent wilting point.

2.3 Bare soil evaporation: the process of evaporation from a bare soil can be divided into

three stages (Hillel 1998): (a) in the first stage the soil is wet and evaporation occurs at the

potential rate, hence the only limitation is the atmospheric demand; (b) when the soil
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becomes dryer water cannot be supplied to the soil surface fast enough to meet the
evaporative demand, and so the rate of evaporation decreases as the thickness of the dry layer
increases; finally (c) the rate of evaporation becomes very small compared to the potential

demand.

2.4 Sowing and seed germination: the distribution of soil moisture with depth and the timing

and duration of early rainfall are critical for the sowing and successful germination of the
seed. The retention of some water near to the soil surface, so that it is available for shallow
roots during the period following sowing, is illustrated in Figure 4 which refers to non-
irrigated millet crops planted in deep sandy soils at two sites in semi-arid Niger (Payne et al.
1991). The soil water content measured at eight or four days after sowing (DAS) shows an
increased water content near the soil surface (approximately indicated by the shaded areas);,
this promotes seed germination. This increased water content in the vicinity of the soil
surface is described by us as Near Surface Storage of water (NSS). The moisture content
distributions at flowering and the maximum depths of the root zones are also shown in Figure

4. At Chikal the rainfall of only 196 mm constrains root development.
INCLUDE FIGURE 4 HERE

Near Surface Storage is also important when rainfall occurs during the dry season. The
evaporation demand on that day is met by the rainfall. Even though the upper part of the soil
profile is very dry, a proportion of the hydrologically effective rainfall (rainfall minus runoff

and evaporation) is retained near the soil surface for evaporation on the following day(s).

2.5 Runoff: when the infiltration capacity of the soil is limited, runoff is likely to occur on
days with significant rainfall. The intense rainfall events which occur in semi-arid areas
often lead to considerable runoff (Eilers 2002). This is enhanced by surface crusts which

form on sandy soils. Runoff from one location becomes run-on to a nearby area, from which
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infiltration, and potentially deep drainage, can occur. In our model this is not explicitly
allowed for, although minor modifications to the computational model could easily be made

to this effect.

2.6 Deep drainage: when the water content of the soil reaches field capacity, water can drain

through the soil zone to become potential recharge. Field capacity is defined as the amount
of water which the soil can hold against gravitational forces. At field capacity, any excess
water drains through the soil zone. Although in practice a small amount of water can drain
from the soil zone when the water content is slightly below field capacity, the assumption that
recharge only occurs at field capacity leads to minor errors. Our model does not explicitly
allow for by-pass or rapid flow through or from the soil zone. In many soils and
environments such processes are important, and their inclusion could usefully represent a

further development of our model.

2.7 Soil water content: the soil water content at the end of any given time step is computed by

a simple mass balance applied to the soil zone. Inputs of water originate from infiltrated
rainfall, while losses are due to (bare soil) evaporation, transpiration, and deep drainage. It is
assumed that when the soil is too dry to sustain evaporation or transpiration (either because it
has entered Hillel’s third stage of evaporation, or because vegetation has died or been
harvested), then no further water loss occurs. Consequently the soil water content at the

beginning of the rainy season is the same as that at the end of the previous cropping season.

3. Inclusion of key physical features in a soil water balance

This section considers how the features, introduced in Section 2, are included in the
conceptual and computational models of a daily soil water balance of land under a millet
crop. Reference is made to the components of the soil water balance model of Figure 2(b)
and to Figure 5 which presents a soil water balance for Nguru from mid April to late October

1995. The significance of Figure 5 is considered further in Section 4.
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3.1. Soil Moisture Deficit

Moisture conditions in the soil are described using the soil moisture deficit SMD which is
defined as the amount of water required to bring the soil up to field capacity. Components of
the soil water balance, Fig 2(b), are the infiltration z which equals the daily rainfall Pr less
runo ff RO (estimation of the runoff is considered in Section 3.5). Potential
evapotranspiration PE represents potential transpiration by the crop and/or evaporation from
bare soil. The actual evapotranspiration AE depends on the current SMD and the infiltration
In (Section 3.2). Any surplus Iz — AF leads to a reduction in the SMD. Since the soil
moisture deficit does not provide information about the distribution of moisture with depth,
the concept of near surface storage is introduced to represent the retention of soil water near
the surface (VSS is considered in Section 3.4). When the SMD becomes negative, deep

drainage occurs from the bottom of the soil zone (Section 3.6).

3.2. Transpiration and water stress

The estimation of the potential evapotranspiration PE for a crop depends on the reference
evapotranspiration E7o, which is calculated using the Penman-Monteith equation (Allen et al.
1998), multiplied by the crop coefficient K- which represents the crop characteristics which
differentiate the crop from the reference surface of grass (Abdulmumin and Misari 1990,
Allen etal. 1998). The significance of K- for a millet crop can be identified from Figure 5(b)
which shows ETo as the full line and the daily PE by the unfilled bars. For most of the year
the coefficient K is greater than 1.0 although it falls below 1.0 as the crop ripens and harvest

is approached.
INCLUDE FIGURE 5 HERE

The depth of soil water which can be used by the crop, the Total Available Water 7AW,
depends on the rooting depth of the crop (see Figure 3) and on the moisture holding

properties of the soil.
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TAW =6y — 6yp) Z, (1

where Grc and Gyp are the moisture contents at field capacity and wilting point and Z, is the
current depth of the roots. Consequently, during the growing season at Nguru 7AW increases
from 26 to 108 mm (Figure 5(c)). Moisture can be extracted by the roots without water stress
when the soil moisture deficit does not exceed the Readily Available Water RAW which is
estimated by multiplying 7AW by a depletion factor p. Values of all the above parameters
can be obtained from the FAO Report Crop Evapotranspiration, Allen et al. (1998). Figure
5(c) shows how RAW and TAW vary during a year. When the soil moisture deficit is greater
than RAW, a water stress coefficient applies, Figure6, which leads to an actual
evapotranspiration AE which may be less than PE. The equations used to calculate Ks and
then AE are listed on the right of Figure 6. The equation in the box in Figure 6 indicates that
when there is infiltration, but it is less than PE, this infiltration is collected by the shallow
roots but the remaining evapotranspiration demand is met at a reduced rate calculated from

the current K.

In Figure 5(b) the potential evapotranspiration is shown by the unshaded bars and the actual
evapotranspiration by the black bars. Up to day 195, actual evapotranspiration occurs mainly
on days with rainfall (or on the following days if NSS applies or SMD <TAW). After day 193
the growing roots ensure that some water is transpired. During the main rainy season,
evapotranspiration is at the potential rate up to day 249 because SMD is less than RAW.
Between days 250 and 276, provided that In < PE, actual evapotranspiration is less than the

potential rate since RAW <SMD < TAW.
INCLUDE FIGURE 6 HERE

3.3. Bare soil evaporation
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Bare soil evaporation occurs before and after the rainy season. It can be estimated by
multiplying £70 by an evaporation coefficient K;; which, according to Allen et al. (1998),
equals 1.05. Since K¢ and Kj; are usually slightly above unity, PE for the whole year, Figure
5(b), is just above ETo apart from the period immediately before harvest. When bare soil
evaporation is predominant, the Readily Evaporable Water REW and the Total Evaporable

Water TEW replace RAW and TAW where (Allen et al. 1998)
TEW =1000(6, —0.56,,)Z, )

In this equation Z., the thickness of the surface soil layer which is subject to drying by
evaporation, is set at 0.25 m. During the dry season TEW =26 mm and REW = 16 mm. The
variation throughout the year of REW or RAW and TEW or TAW is shown in Figure 5(c).
Example (i) of Figure 3 illustrates the situation where no evaporation occurs because SMD >

TEW.

3.4. Near Surface Storage

The concept of moisture stored near the surface of the soil on days of significant rainfall was
introduced in Section 2 and sketched in example (ii) of Figure 3. The method of including
this mechanism in a soil water balance calculation is illustrated in the schematic diagram of
Figure 7. In Figure 7(a) the variation of the volumetric water content with depth at the start
of a day is indicated by the broken line (which for depths greater than 0.8 m coincides with
the full line). The full line represents the volumetric water content at the end of the day. The
total shaded area shows the increase in water content which arises from a substantial
infiltration minus the actual evapotranspiration; this quantity is the hydrologically effective
rainfall, HER. A factor, FrNSS defines how HER is allocated between near surface storage
and reducing the soil moisture deficit:

(i)  FrNSSx HER is available for evapotranspiration by shallow roots (or evaporated

from the soil surface) on the following days,
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(i) (1.0 — FrNSS)x HER is used to reduce the SMD.

INCLUDE FIGURE 7 HERE

To represent the cultivated Sahelian sandy soil of the study area and the associated land
preparation to retain moisture near the soil surface, FrNSS is set at 0.45. For soils with higher
clay contents, larger values are appropriate. The way in which FrNSS = 0.45 influences the
actual evapotranspiration is shown in Table 1. Infiltration of 30 mm occurs on day 1 and a
further infiltration of 6 mm on day 3. Atthe end ofday 1 (30.0 — 6.0) mm is available; 45%
is allocated to NSS with 55% used to reduce the SMD. This NSS of 10.8 mm ensures that
evapotranspiration occurs at the potential rate of 5.8 mm on day 2; the remaining 5.0 mm is
distributed between NSS and reducing the SMD. On day 3 the infiltration of 6.0 mm plus
NSS of 2.3 mm means that AE = PE with 1.1 mm allocated to NSS. On day 4 the near surface
storage of 1.1 mm is transpired directly with the remaining 4.9 mm of PE transpired at a

reduced rate according to Ky as indicated in the footnote to Table 1.

The importance of near surface storage can be observed in Figure 5. On day 112 when the
infiltration is 13.3 mm, AE = PE = 5.9 mm with the quantity in near surface storage NSS =
3.3 mm. On the following day this water is transpired. Heavy rainfall on day 183 results in

infiltration of 32 mm. Near surface storage is significant on the two following days.
3.5. Runoff

On a plot scale, surface runoff depends on the surface characteristics (gradient, soil and
vegetation), rainfall intensity and the antecedent soil moisture conditions. An approximate
technique for estimating daily runoff is developed which uses parameters of the soil water
balance, namely daily rainfall and antecedent soil moisture conditions (represented by the

SMD at the start of the day), with a matrix of coefficients which is used to represent the
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runoff coefficients. The coefficients used for this study are recorded in Table 2. For a daily
rainfall of 40 mm with the SMD =20 mm, the runoffis 0.25 x 40 = 10 mm, but reduces to
0.10 x 40 =4 mm/d when the SMD = 100 mm. For intermediate values of rainfall intensity
and SMD, linear interpolation is used. For Nguru in 1995, Figure 5(a) indicates that the
annual runoff totals 53 mm and exceeds 1.0 mm on six days. These runoff coefficients are
devised to represent observed intensities of runoff. In the light of uncertainties about the
coefficients, a sensitivity analysis should be carried out with a range of plausible values for

the coefficients (see Section 6 example 4).

3.6. Deep Drainage

When, during a daily water balance calculation, the infiltration results in a negative value of
the soil moisture deficit, the soil water content reaches field capacity. Consequently the soil
becomes free draining, the negative SMD becomes potential recharge from the base of the
soil zone and the SMD is set to zero, (see example (iii) of Figure 3). For Nguru in 1995,
Figure 5(c) indicates that the SMD reduces rapidly early in the growing season and becomes
negative due to the heavy rainfall on day 197 leading to a deep drainage of 7.1 mm as plotted
in Figure 5(d). A small potential recharge of 1.7 mm also occurs on day 198. Due to the

heavy rainfall on day 212 the SMD again becomes negative with deep drainage of 5.9 mm.

3.7. Suitability of the single store model

This paper presents a single soil water store with some water retained near to the soil surface
on days with heavy rainfall. Other workers, for example Ragab et al. (1997), Finch (2001),
Kendy et al. (2003) use multi-store (multiple soil layer) models. There are two main
drawbacks to multi-store models: first, procedures are required to represent the transfer of
water between the individual soil layers, and the distribution of transpiration from the layers.
These procedures may fail to represent what actually happens in the field. For instance, field

experiments show that different patterns of roots develop in different years (McGowan et al.
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1984) hence a predetermined depth distribution for the withdrawal of water by the roots may
be invalid. The second drawback is that a great deal of data is required, which is often not

available, at least in the contexts for which the present model was designed.

Although the model presented in this paper also implicitly includes a (maximum) rooting
depth which is assumed to be achieved every year (a model aspect which could be modified
relatively easily if so desired), the model makes no assumptions about the depth distribution
of water uptake by roots. Itis also economical in terms of data requirements. The authors
believe that the single store soil water balance with near surface storage adequately represents
all the important physical processes when the purpose of the water balance model is to

estimate deep drainage from a cropped area.

4. Typical and long-term results for Nguru

Soil water balance calculations are carried out for Nguru where rainfall data are available
from 1962-1997. The mean annual rainfall for the study period is 431 mm. In the absence of
daily agrometeorological data (except rainfall), the daily reference evapotranspiration values
are derived by linear disaggregation from long-term monthly means calculated using the
Penman-Monteith equation. The maximum value of K¢ for millet is 1.1, the soil evaporation
coefficient Ky is 1.05. These and other parameter values are summarised in Table 3. The soil
properties for the sandy soil are field capacity of 0.12 m*/m® and permanent wilting point of
0.03 m>/m>; these values are consistent with the field values determined by Grema and Hess
(1994) in North-east Nigeria and Rockstrom et al. (1998) in semi-arid Niger. They lie within
the range of values suggested in FAO 56 (Allen et al. 1998) for a sandy soil. The total
available water 7AW and the total evaporable water TEW are calculated from these soil
properties (see Eqs 1 and 2). A linear root growth is assumed, Figure 3, to a maximum

effective rooting depth of 1.2 m. REW and RAW are calculated using a depletion factor p
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equal to 0.6 (Rockstrom et al. 1998). The maximum depth from which evaporation can occur

is 0.25 m. Variations of TAW or TEW and RAW or REW with time are plotted in Figure 5(c).

4.1. Planting date

In semi-arid areas, the establishment of successful rainfed crops depends on the adjustment of
the growth cycle to the seasonal distribution of rainfall. A farmer may take the risk and plant
at the first rainfall but it may be necessary to re-plant again if a dry spell follows. Mortimore
(1989), in a study of five villages in Northeast Nigeria, reports that on average three millet
plantings were necessary during the dry year of 1975. Several authors have defined criteria
for the onset of rains when planting can take place. These are summarised in Table 4. Each
of these methods has been tested in water balance calculations over 36 years for Nguru; they
lead to a significant variation in the estimated date for the onset of rains. The methods of
Stern et al (1982) and Sivakumar (1992) are too stringent, predicting that for some years the
onset of rains would never occur. On the other hand, the methods of Benoit (1977) and
Agnew (1991) do not identify the frequent occurrence of dry spells in the days following the
first rains. Although the method of Kowal and Kassam (1978) is based on rainfall for ten-day
periods, in most years their method provides a realistic planting date. Therefore the approach
adopted was to use the criteria of Kowal and Kassam (1978) and after an initial simulation,
manually adjust the planting date when necessary to be consistent with observed agricultural

practices.

4.2. Detailed results for 1995

Each year has distinctive features. 1995 has been selected to illustrate soil water balance
calculations. The annual rainfall of 384 mm with 36 rainy days is below the annual average
of 431 mm. However, the SMD at start of the rainy season of 26 mm is unusually small,
occurring as it does because of the high rainfall in 1994. For most years the SMD at the onset

of the rainy season exceeds 100 mm. Inputs to the soil moisture balance are the daily rainfall,
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the daily potential evapotranspiration deduced from monthly estimates and the variation of

RAW or REW and TAW or TEW throughout the year.

Figure 5(a) shows the rainfall with runoff plotted below the horizontal axis. Calculated
runoff totals 53 mm. Consequently, of the total rainfall of 384 mm, only 331 mm infiltrated

into the soil to contribute to the soil water balance.

Diagram (b) of Figure 5 shows the potential evapotranspiration as unfilled bars and the
calculated actual evapotranspiration as filled bars. Before the start of the rainy season and
after the end of the rainy season there were few days when rainfall occurred; the resulting
infiltration was quickly evaporated as indicated by filled bars. At other times during the dry
season the evaporation was zero. On the other hand, during much of the rainy season the
actual evapotranspiration was at the potential rate. Even on days with zero rainfall, when the
SMD was less than RAW the crop was notunder stress and could draw sufficient water from
the soil store. After day 249 when the SMD became greater than RAW, evapotranspiration
occurred at below the potential rate apart from days with substantial rainfall. The decreasing
AE in the days approaching harvest had little effect on the crop yield. The fact that actual
evapotranspiration during the initial, develop and mid stages of the crop growth was at or
close to the potential rate, resulted in a reasonable crop yield despite an annual AE of only
393 mm when the annual PE was 1849 mm. The first and final days on which deep drainage
occurred, days 197 and 212, were early in the rainy season, this timing arose from the

unusually small soil moisture deficit at the start of the rainy season.

Soil moisture deficits hardly changed during the dry season; any rainfall which occurred was
evaporated rapidly. Atthe end of the rainy season after harvest on day 277 the SMD was
104.5 mm. Itremains at this value until the rainy season of 1996. The contrast between the
soil moisture deficits for the dry seasons 1994-95 and 1995-96 demonstrates the importance

of representing adequately the soil water conditions during the dry season.
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4.3. Deep drainage estimates for 1962 to 1997

The relationship between calculated annual potential recharge and the annual rainfall for
Nguru for the thirty-six years from 1962 to 1997 is presented in Figure 8. Potential recharge
varies substantially from year to year depending on the distribution, intensity and frequency
of rainfall events and especially on the soil moisture deficit from the preceding dry season.
During the 36 years, annual potential recharge varies from zero to 95 mm with twenty-three
years having zero. The mean annual potential recharge is 14.1 mm. The highest annual
rainfall, which resulted in zero potential recharge, was 650 mm in 1963;the SMD at the start
of the year was 98 mm, there was substantial rainfall before and after the cropping season.
This contrasts markedly with 1995 when rainfall of 384 mm resulted in a potential recharge
of 15 mm because the SMD at the start of the rainy season was only 26 mm. The high value
of modelled potential recharge in 1977 occurred because significant rainfall after harvest in
1976 meant that the soil moisture deficit at the start of the 1977 rainy season was only
moderate. Furthermore, although the rainfall in 1977 was not unusually high (1.18 times the
mean annual rainfall), the distribution of rainfall resulted in a zero soil moisture deficit on six
occasions, leading to an annual potential recharge of 95mm. Finally, Figure 8 demonstrates
that in semi-arid areas annual rainfall totals are not a good predictor of annual potential

recharge.
INCLUDE FIGURE 8 HERE

5. Plausibility

Having developed a soil water balance model for estimating deep drainage, the credibility of
the results generated by the model needs to be considered. In locations where groundwater
has been exploited for many years, the potential recharge estimates can be incorporated in a
regional groundwater model; comparisons between the predicted and actual ground water

head hydrographs test the adequacy of the recharge estimates (Kavalanekar et al. 1992,
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Rushton 2003). However, for the present study where field data were limited, and there were
no absolute reference values of deep drainage available for calibration and validation, the
concept of plausibility was used to assess the adequacy of the soil water balance model
(Carter et al. 2002). The concept of plausibility includes judgments about the structure of the
model as well as tests of the model results. It assumes that if the model is reasonable in
representing the complex hydrological system, then it will be able to compute a credible
water balance. This procedure is not limited to an analysis of the deep drainage component
alone but also considers additional outputs which can help to assess the credibility of the
representation of soil-water by the water balance model. Ofseveral alternative plausibility
approaches explored by FEilers (2002), two are discussed below. Both relate to rainfed millet

cropped land to which the model has been applied in sections 3 and 4 of this paper.

5.1. Experimental field trial at Maiduguri

Comparisons are made between field measurements of soil moisture content in a cropped plot
at the University of Maiduguri, Nigeria (Grema and Hess 1994), with results from the soil
water balance model. During a field trial in 1992, estimates of the variation of moisture
content with depth were obtained from neutron probe readings at 20 cm intervals below
ground surface. From these moisture content estimates, the total soil moisture to a depth of
1.3 m is calculated. The filled diamonds in Figure 9 represent these field estimates. Due to
the limited precision of the experimental technique and changes in soil moisture close to the

soil surface following rainfall, sudden changes between individual estimates do occur.
INCLUDE FIGURE 9 HERE

So that comparisons can be made with values of SMD from the model, the average of the
field values for 24th August, 1st, 8th and 15th September of approximately 162 mm is
assumed to represent the maximum total soil moisture content. Taking this value as

corresponding to field capacity (SMD = 0), an alternative vertical axis is provided on the right
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of the diagram to represent soil moisture deficits. Estimated soil moisture deficits from the
water balance calculations are plotted on Figure 9 as a continuous line. Approximate
agreement occurs between the total moisture content deduced from field readings and the soil
moisture deficits calculated from the water balance model. The differences of up to 20 mm
arise due to lack of precision in the soil moisture measurements and approximations inherent

in the soil water balance approach.

5.2. Dagaceri

An indirect method of verifying the credibility of the soil water balance model is based on
field observations which contain valuable information about the physical system in the semi-
arid region of North-east Nigeria, Mortimore (1989). Mortimore presents a diary for the
years 1972-1985 in the life of the small village of Dagaceri (see Figure 1) from which a range
of information was gathered about rainfall and crop yield for each crop season. The author
gives a brief narrative for each year in which he describes the overall crop yield and its
relation to the rainfall patterns. As Dagaceri is geographically not far from Nguru
(approximately 30 km Southwest) and the rainfall patterns and crop characteristics are
similar, selected outputs from the water balance model using the daily climatic data from
Nguru, are compared with field observations at Dagaceri. Since the model estimates the daily
actual evapotranspiration, this information can be used to infer crop survival and overall crop

yields.

Figure 10 is devised to summarise the results of the soil water balance calculations; the two
axes in the diagram refer to:
x axis number of days during crop development stage when SMD > RAW. High values
should correspond to poor yields.
y axis ratio AE/PE during crop growing season. High values should correspond to good

yields.
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Years are identified by the following symbols: + years with a satisfactory millet crop, X years
with unsatisfactory yields and A years with other factors influencing the yield. Years with a
good yield, +, are all found towards the top-left of the diagram; poor yields, X, are towards
the bottom-right. This qualitative analysis suggests that, apart from years when additional

factors operate, the soil water balance model reasonably represent the physical mechanisms
which affect the millet crop yield.

INCLUDE FIGURE 10 HERE

6. Sensitivity

Preliminary investigations were carried out into the sensitivity of the model’s outputs to
uncertainties which may arise from (a) empirical errors in the field measurements and (b)
parameter variation as a result of spatial variability. The variability is assessed by running
the model for the maximum and minimum values of the range of variation of single
parameters. The range of variation of parameters is based on values from literature especially
Allen et al. (1998) and field observations. The analysis refers to a sandy soil planted with a
millet crop using the entire thirty-six year rainfall dataset from Nguru. Variations in five
parameters are considered. The findings, which are summarised in Figure 11, are discussed
below. The first two refer to changes in crop properties, the third to different soil properties,
the fourth to a change in runoff coefficients and the final variation refers to the fraction of

water stored near the soil surface.
INCLUDE FIGURE 11 HERE

Variation in the mid season crop coefficient: the potential evapotranspiration for the crop is

calculated by multiplying the reference crop evapotranspiration by the crop coefficient.
Increasing and decreasing the coefficient by 0.1 leads to a maximum value of Ko=1.2 and a

minimum of 1.0. In practice it is unlikely that the crop coefficient would lie outside this
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range. The resultant mean deep drainage estimates are 11.2 mm/year (due to higher
evapotranspiration losses) and 17.8 mm/year compared to 14.1 mm/year for the standard

parameters.

Variation in the maximum depth of roots: due to a number of factors including the ability of

the roots to grow deeper during seasons with limited rainfall, the maximum rooting depth can
vary within the range 1.2 + 0.25 m. With the greater rooting depth and hence higher values
of TAW, the actual evapotranspiration is higher with a mean potential recharge of 10.8

mm/year. Reduced root penetration results in a potential recharge of 18.5 mm.

Increases and decreases in the difference between moisture contents at field capacity and at

wilting point: these alterations lead to the greatest changes in recharge, Figure 11. Due to
variations in the grain sizes in the soil, the difference 6, — 6y =0.0910.02 can occur in

practice; this leads to actual evapotranspiration estimates of 383 and 363 mm/year and

potential recharge estimates of 9.5 and 21.8 mm/year.

Modifications to runoff coefficients: the runoff coefficients of Table 2 are devised to

represent runoff but they are only approximate estimates. Consequently increasing each of
the coefficients by 20% or decreasing by 20% are appropriate variations. They lead to a
decrease in the estimated deep drainage to 10.7 mm/year and an increase to 17.8 mm/year.

These changes highlight the need to obtain realistic field estimates of the runoff.

Fraction of water stored near the soil surface: the coefficient F7NSS is an empirical

coefficient which lies between zero and 1.0. The value of 0.45 which is used in the
simulations is selected to represent the retention of water near the soil surface during the
early stages of crop growth. Itis unlikely that F7NSS is less than 0.2 or greater than 0.7;
these values are used in the sensitivity analysis and lead to estimated recharges of 15.2 and

13.3 mm/year. These results refer to the overall potential recharge averaged over a thirty-six
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year period. Often near surface storage is significant during the early stages of crop growth
or during the dry season, but this does not result in a substantial change in the potential

recharge (which for many years is zero).

This sensitivity analysis indicates that the two single parameters which cause greatest
changes to deep drainage estimates are the difference between moisture contents at field
capacity and wilting point, and the effective depth of the roots. Due to the variability of these
parameters in the field, uncertainties do occur in potential recharge estimates for semi-arid

areas.

7. Conclusions

7.1 General conclusion

Recharge estimation in semi-arid areas is required to assess the availability of groundwater
for domestic, agricultural and industrial use. For routine deep drainage or potential recharge
estimates the soil water balance technique is appropriate provided that the physical processes
in the soil and the crop are adequately represented, with realistic parameter values, in the
calculations. In the absence of the possibility of true calibration and validation, the
plausibility of this approach has been confirmed by comparisons with field measurements of

soil moisture conditions and crop yields.

In this paper deep drainage is estimated from a single store soil water balance in which
potential recharge only occurs when the soil moisture deficit becomes zero and the soil
becomes free draining. The validity of this assumption is questioned by Kendy et al. (2003).
Their study relates to an irrigated cropland in the North China Plain. Their calibrated model,
which represents unsaturated conditions in a soil consisting of several layers, predicts that
drainage occurs from the lowest layer on most days throughout the simulation period of three
years. There are two differences from the conditions in the Nguru study area. First, the

growing seasons of the two irrigated crops in the North China Plain extend over most of the
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year with substantial irrigation of similar magnitude to the annual rainfall. Consequently the
soil moisture deficit is relatively small for most of the time. However for the rainfed crop at
Nguru the soil moisture deficit only reduces to small values following significant rainfall
events. Second, field studies in the North China Plain indicate that towards the bottom of the
soil profile there is a 45 cm layer of clay loam with a saturated hydraulic conductivity of
0.003 m/d; this clay loam layer delays the downward movement of water. In Nguru, the soil
is sandy so that water can move down freely through the soil profile when field capacity is
reached. Consequently the assumption of a free draining soil is acceptable. Nevertheless, the
study of Kendy et al. (2003) demonstrates that slow drainage may occur if the soil contains a
substantial low permeability layer;the soil water balance model described in this paper

requires modification if the soil profile contains low permeability layers.

7.2 Conclusions regarding the model

The model presented here includes the main processes which determine deep drainage. In
using a single soil water store (single layer), the model has avoided the inclusion of
unnecessary and inadequately understood complexities — specifically the detailed manner in
which soil and roots interact to redistribute and take up water. Ithas also avoided the

necessity of having detailed layer-wise soil and root data, which rarely exist in practice.

Aspects of the model which could usefully be further developed include:

e the explicit inclusion of interception;

e response of the crop to stress imposed by atmospheric conditions;

e the inclusion of run-on from adjacent areas;

e the linking of root development to soil moisture deficit;

e the inclusion of bypass flow.
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585  The next logical step in model development would be to adapt it for area-wide estimates of

586  potential recharge, taking account of spatial variability of soil and crop properties.

587  In addition to the semi-arid application described in this paper, the model has also been
588 applied in a temperate climate (Hulme et al, 2001), and work is on-going to apply it in the
589  humid tropics. The model has so far only been used under rainfed cropping conditions, but
590 irrigated crops can also be included by setting the daily rainfall equal to the actual rainfall

591  plus the depth of irrigation.

592 7.3 Application of the model to semi-arid North- East Nigeria

593  Recharge estimates based on a thirty-six year rainfall record at Nguru in North-east Nigeria
594  indicate that the recharge cannot be related directly to the annual rainfall. A very important
595  factor influencing the recharge is the soil moisture deficit at the start of the rainy season.

596  This deficit varies a great deal from year to year, as a function of the timing and amount of
597 late rains in the days and weeks prior to harvest. The model assumes that once the crop is
598 harvested, water can only be lost upwards by bare soil evaporation (until the top 25-50cm of
599  soil is dry and Hillel’s third stage of evaporation is reached), or downwards by deep drainage
600  (in the unlikely event that the soil is still wetter than field capacity). Once the soil surface is
601  dry, and a deficit exists in the lower part of the soil zone, the remaining water is effectively

602  “frozen” in place until the next rainy season.

603 A study of the detailed water balances indicates that deep drainage is predicted to occur under

604  rainfed millet cropping at Nguru when:

605 (i) the soil moisture deficit carried over from the previous year is less than 31 mm (for the
606  case study used in this paper, total available water 7AW is taken as 108 mm at full rooting

607  depth);
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(ii) there is a period with substantial rainfall with at least 240 mm during a period of 30 days

(cf mean annual rainfall of 431 mm for Nguru).

There are two years when neither of the above criteria were met. However, concentrated
rainfall of 127 mm in 5 days or 124 mm in two consecutive days resulted in the reduction of

the soil moisture deficit to zero and the occurrence of deep drainage.

Sensitivity analyses show that recharge estimates are principally sensitive to the rooting depth
and the total available water. The latter depends both on the rooting depth and water holding
capacity. Although estimates of soil moisture contents at field capacity and wilting point are
generally available (for example Allen et al. 1998), estimating the effective rooting depth is
open to more uncertainty. In this study the same variation in rooting depth is assumed to
occur each year, although in practice rooting depths are likely to vary from year to year.
Consequently, sensitivity analyses should always be carried out to obtain a range of potential

recharge estimates.

The problem of validation of the model remains. In the absence of known values of recharge,
calibration and validation in the strict sense are not possible. Apart from the plausibility tests
applied in this paper, the best that can be done is to compare model outputs with alternative
models or with field-based estimation techniques. The model outputs presented in this paper
are consistent with the field results of Edmunds et al (2002). Their work, carried out in the
same part of Nigeria, using the chloride profiling technique at six field sites, estimated deep
drainage of 20-76mm.a’", or after modification of rainfall chloride concentrations to fit a

long-term rainfall chloride calibration model, 16-30mm. a’,

References

Abdulmumin, S., Misari, S.M., 1990. Crop coefficients of some major crops of the Nigerian

semi-arid tropics. Agric. Water Manage. 18, 159-171.



632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

Page 27 of 30

Agnew, C., 1991. Evaluation of a soil water balance model for the analysis of agricultural
drought in the Sahel. In: Sivakumar, M.V.K., Wallace, J.S., Renard, C., Girous, G.,
(Eds.), Soil Water Balance in the Sudano-Sahelian Zone: proceedings of the Niamey

Workshop, IAHS, 199, 583-592.

Allen, R., Pereira, L.S., Raes, D. and Smith, M., 1998. Crop evapotranspiration: guidelines
for computing crop water requirements. Irrigation and Drainage Paper 56, FAO, Rome,

Italy.

Benoit, P., 1977. The start of the growing season in Northern Nigeria. Agric. Meteorol. 18,

91-99.

Carter, R.C., Rushton, K.R., Eilers, V.H.M., Hassan, M., 2002. Modelling with limited data:
“Plausibility” as a measure of model reliability. In: Proceedings of 4™ International

Conference on Calibration and Reliability in Groundwater Modelling

(ModelCARE2002), Prague, June 2002, 328-330.

Edmunds, W.M,, Fellman, E., Goni, [.B., Prudhomme, C. (2002) Spatial and temporal
distribution of groundwater recharge in Northem Nigeria. Hydrogeology J. 10, 1, 205-

215.

Eilers, V.H.M,, 2002. The estimation of groundwater recharge by soil water balance in semi-

arid regions. unpublished PhD thesis, Cranfield University, Silsoe, UK.

Finch, J.W_, 2001. Estimating change in direct groundwater recharge using a spatially

distributed soil water balance model. Quart. J. Eng. Geol. 34, 71-83.

Gee, G.W., Hillel, D., 1988. Groundwater recharge of arid regions: review and critique of

estimation methods. Hydrol. Process. 2, 255-266.

Grema, A.K., Hess, T.M., 1994. Water balance and water use of pearl millet-cowpea

intercrops in northeast Nigeria. Agric. Water Manage. 26, 169-185.



656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

Page 28 of 30

Hendrickx, J.M.H., Walker, G.R., 1997. Recharge from precipitation. In: Simmers I (Ed.)
Recharge of Aquifers in (Semi-) Arid Areas. Intemational Contributions to

Hydrogeology, AA Balkema, 19, 19-111.

Hillel. D., 1998. Environmental Soil Physics. Academic Press, 771pp.

Hulme, P., Rushton, K.R., Fletcher, S. (2001) Estimating recharge in UK catchments. IAHS

Publication No 269, 33-42.

Kavalanekar, N.B., Sharma, S.C., Rushton, K.R., 1992. Over-exploitation of an alluvial

aquifer in Gujarat, India. Hydrol. Sci. J. 37, 329-346.

Kendy, E., Gérard-Marchant, P., Walter, M.T., Zhang, Y., Liu, C., Steenhuis, T .S., 2003. A
soil-water-balance approach to quantify groundwater recharge from irrigated cropland

in the North China Plain. Hydrol. Process, 17, 2011-2031.

Kowal, J.M., Kassam, A.H., 1978. Agricultural Ecology of Savanna: A Study of West Africa.

Clarendon Press, Oxford, UK.

Lloyd, J.W., Drennan, D.S.H., Bennell, B.M.U., 1967. A groundwater recharge study in north

eastern Jordan. Proc. Inst. Civil Eng., London, 35, 615-631.

McGowan, M., Black, P., Gregory, P.J., Haycock, D., 1984. Water relations of winter wheat.

J. Agric. Sci., Camb. 102, 415-425.

Mortimore, M., 1989. Adapting to Drought: Farmers, Famines and Desertification in West

Africa. Cambridge University Press 1989.

Payne, W.A ., Lascano, R.J., Wendt, C.W., 1991. Annual soil water balance of cropped and
fallow millet fields in Niger. In: Sivakumar, M.V.K., Wallace, J.S., Renard, C., Girous,
G., (Eds.), Soil Water Balance in the Sudano-Sahelian Zone: proceedings of the

Niamey Workshop, IAHS, 199, 401-411.



679

680

681

682

683

684

685

686

687

688

689

690

691

Page 29 of 30

Ragab, R., Finch, J., Harding, R., 1997. Estimation of groundwater recharge to chalk and

sandstone aquifers using simple soil models. J. Hydrol. 190, 19-41.

Rockstrom, J., Jansson, P.E., Barron, J., 1998. Seasonal rainfall partitioning under runon and
runoff conditions on sandy soil in Niger, On-farm measurements and water balance

modelling. J. Hydrol. 210, 68-92.

Rushton, K.R., 2003. Groundwater Hydrology, Conceptual and Computational Models.

Wiley, Chichester, 416pp.

Savenije, H.-H.G. (2004) The importance of interception and why we should delete the term

evapotranspiration from our vocabulary. Hydrological Processes, 18, 1507-1511.

Sivakumar, M.V.K., 1992. Empirical analysis of dry spells for agricultural applications in

West Africa. Joumal of Climate, 5, 532-539.

Stern, R.D., Dennett, M.D., Dale, I.C., 1982. Analysing daily rainfall measurements to give

agronomically useful results, 1. Direct methods. Experimental Agriculture, 18, 223-236.



692
693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

Page 30 of 30

List of Figure captions

Fig. 1. Map of study area.
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Abstract

The understanding and quantification of groundwater recharge in semi-arid areas is
fundamental to sound management of water resources in such areas. A soil water balance
model, if designed to adequately represent the physical processes involved, and if carried out
with a short enough (daily) time step, can provide realistic estimates of deep drainage

(potential recharge) over long periods.

We describe a single store (single layer) mass water balance model applicable to semi-arid
areas, which recognises the wetting of the near-surface during rainfall, with subsequent
availability of water for evaporation and transpiration in the days following rainfall. The
model allows for the major hydrological processes taking place at or near the soil-vegetation

surface including runoff.

Model results are presented for north-east Nigeria, for a continuous period of 36 years during
which mean annual rainfall was 431mm (range 321-650mm) and mean annual modelled deep
drainage was 14mm (range 0-95mm, with 23 years having zero potential recharge). The
modelling results indicate that annual rainfall totals are not the main predictor of annual
recharge. The temporal distribution of daily rainfall and the magnitude of the antecedent
(pre-season) soil moisture deficit are the strongest determinants of deep drainage ata

particular location, in a particular year. Sensitivity analysis of soil and vegetation parameters
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suggests that deep drainage is most sensitive to water holding capacity and rooting depth.

These are key parameters which determine spatial variability of potential recharge.

The model is shown to be plausible by examination of the concepts which underlie it, by
comparison with field soil-moisture measurements, and by the model’s ability to represent

qualitative observations of crop yield variations from year to year.

Future development of the model could include applications to other climatic conditions and

the inclusion of other hydrologic processes.

Keywords: Deep drainage, Potential recharge; Evapotranspiration; Nigeria; Semi-arid; Soil

water balance.

1. Introduction

In semi-arid areas, the question of whether and under what conditions groundwater recharge
occurs, and its magnitude, are fundamental to the management of water resources. Questions
of spatial and temporal variability, as a function of soil, vegetation, and weather properties,

are also basic to the understanding of the hydrology of such regions.

Estimating deep drainage (also referred to in this paper as potential recharge) in semi-arid
environments is difficult for several reasons. First, the re-distribution of rainfall by the runoff
process, and consequent localisation of infiltration and deep drainage would lead to a high
degree of spatial variability of deep drainage, even were there no spatial variations in soil and
vegetation properties. When soil and vegetation variations are considered too, the problem of

spatial variability is compounded.

Second, the re-distribution of infiltrated rainfall in the soil profile, and its uptake by roots of
crops and natural vegetation are complex processes. Our ability to adequately represent these
subtle processes in multi-layered soil models incorporating assumptions about root-water

uptake is so far rather limited. We suggest here that a modified single store (single layer) soil
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water balance model which makes few assumptions about the depth from which roots prefer
to extract water, can adequately represent the processes involved, and provide reliable

estimates of groundwater recharge under cropped land in semi-arid areas.

Third, in semi-arid environments the estimation of deep drainage is challenging because the
potential evapotranspiration is invariably much larger than the rainfall. Consequently doubts
have been expressed about the suitability of the soil water balance technique. Hendrickx and
Walker (1997) consider that soil moisture budgeting models are of limited use since they are
prone to large errors in recharge rates. This is a valid criticism when the model fails to
represent soil and crop conditions, or uses too long a time step. The longer the time step, the
greater the numerical similarity between infiltration and actual evapotranspiration, and hence
the smaller the difference (deep drainage) between the two, and consequently the greater the

possible error.

Field experiments for quantifying deep drainage, such as the use of natural or artificial tracers
(eg chloride) or consideration of the movement of water in the unsaturated soil zone
(Hendrickx and Walker 1997; Edmunds et al, 2002), provide valuable insights into the
recharge processes but they are not suitable for routine estimation of potential recharge over
large areas, or over long time periods. The soil water balance method is an alternative
approach. If it provides a reliable representation of conditions for the crop and the soil,

acceptable potential recharge estimates can be obtained.

A detailed review of alternative methods of estimating recharge, including soil water balance
models, is provided by Kendy et al. (2003). An early example of potential recharge
estimation in North-eastern Jordan using a soil water balance (Lloyd et al. 1967)

demonstrates the viability of this approach.
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Soil water balances are used widely in hydrological studies, but they vary in their features

because the components included in the balance depend on the objectives of the study. Water
balance methods are widely used for estimating crop water requirements in semi-arid areas as
described in the FAO Irrigation and Drainage Paper 56, Crop Evapotranspiration (Allen et al.

1998). The methods described in that report are based on extensive field experience.

In order for the methods described by Allen et al (1998), and by us, to be used for regional
potential recharge estimates, further work is needed on the appropriate lumping or
discretisation of soil and vegetation properties over large areas with mixed bare soil, crop

cover, and sparse shallow- and deep-rooting natural vegetation.

The conceptual and computational models described in this paper are intended for point
estimates of deep drainage where daily rainfall records are available together with
information about the reference crop potential evapotranspiration. From information about
the soil, the crop and bare soil evaporation, estimates are made of the actual
evapotranspiration throughout the year. No unnecessary comp lexities are included in the

methodology.

The paper first presents (in section 2) the individual physical processes which together
contribute to the conceptual model of the changing conditions in the soil and crop. These
form the basis for the soil water balance calculations (presented in section 3, and applied
there to Nguru, one of two sites in North-East Nigeria — see below). The conceptual and
computational models must reflect the relevant properties of the soil, the nature of the crop,
the growth of roots, the potential evapotranspiration from both the crop and from bare soil,
the reduced evapotranspiration due to limited moisture availability and the conditions under

which recharge can occur.
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Section 4 of the paper further discusses the application of the model to Nguru and Maidu guri,
two sites approximately 300km apart in semi-arid North-East Nigeria. Their locations are
shown in Figure 1. The region is underlain by the Quatemary Chad Formation of the Yobe
river basin system which consists of sands and clays, overlain by superficial aeolian and
alluvial materials. Rainfall has a unimodal distribution with the rainy season starting in
May/June, peaking in August and finishing in September/October. The remainder of the year
is mainly dry. AtNguru (Figure 1) rainfall data are available from 1962-1997. The mean
annual rainfall for the study period is 431 mm. For Maiduguri there is detailed field
information for one rainy season including a study of soil water conditions and crop growth
for experimental plots. It is assumed that the sandy soils and millet crop have the same

properties and growing seasons at the two locations.

In section 5 the plausibility of the soil water balance calculations is assessed by comparing
with field soil moisture records and with crop yields. In section 6 the sensitivities of the

recharge estimates to possible variations in soil moisture balance parameters are examined.

Three important features of the model are particularly highlighted: first, the unmanageable
complexities of multi-layer models (especially in a developing-country context) are rejected
in favour of only the necessary level of complexity needed to adequately represent the
physical processes involved. Second, to represent the early stages of crop growth in semi-
arid areas when there is a substantial soil moisture deficit compared to the rooting depth a

new feature is introduced, namely near surface storage, which represents water stored in the

vicinity of the soil surface which is available for evapotranspiration on rainless days
following major rainfall events. Third, in the absence of the possibility of validating the
model using known values of deep drainage, model plausibility is evaluated, with reference
to the physical credibility of the model, and to documented features of the soil-crop-water

relationships in the region.
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Further application of the model by one of the authors (Rushton) has led to it being used by
the UK Environment Agency (Hulme et al, 2001) in a temperate climate; additional
modifications are expected to allow its use in the humid tropics too. This versatility is

viewed by the authors as a significant strength.
INCLUDE FIGURE 1 HERE

2. Key physical processes

When using a soil moisture balance to estimate deep drainage from the base of the soil zone

there are certain key physical processes which must be represented.

2.1 Key physical processes: Figure 2(a) illustrates the principal hydrological processes

associated with the soil zone during a specified period of time, which is usually selected as
one day (Gee and Hillel 1988). Part of the rain falling on vegetation may be intercepted, and
subsequently evaporate, making it unavailable for infiltration. It can be argued that in semi-
arid locations the explicit estimation of interception is unnecessary, since actual
evapotranspiration is water-limited rather than energy-limited. The water which is
intercepted and evaporated is not subsequently available for transpiration, so the total of
interception and transpiration is similar to what would be calculated as actual
evapotranspiration if interception were ignored. Although Savenije (2004) argues, with some
justification, that modellers should not ignore interception, our model makes no explicit
allowance for it. Nevertheless, the inclusion of interception would be a simple modification

were it considered appropriate.

When the rainfall reaches the ground surface it will enter the soil zone unless it exceeds the
infiltration capacity. Water which does not enter the soil zone becomes runoff. The
infiltrating water results in an increase in the water stored in the soil zone. From the soil
zone, water is transpired by plants, water is drawn to the soil surface for evaporation and

some water leaves from the base of the soil zone as deep drainage.
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INCLUDE FIGURE 2 HERE

Figure 3 shows how crop conditions change with time. The diagram refers to a single crop
grown during the rainy season. Before the crop is sown, bare soil evaporation is the only
process occurring. After sowing, the roots extend and draw water from deeper in the soil
store, transpiring it to the atmosphere. After harvest bare soil conditions apply once again.
Three significant soil zone conditions are sketched in the lower half of Figure 3; they are each

considered in more detail in Section 3.
INCLUDE FIGURE 3 HERE

2.2 Transpiration and water stress: transpiration is the process of water loss from vegetation;

this requires the extraction of water by the root system. Transpiration is caused by the
evaporative demand of the atmosphere through the process of vapour exchange between the
leaves and air; it depends on a large number of climatic factors such as radiation, air
temperature, air humidity and wind speed, which determine the pressure gradient between the
plant tissues and the air. Differentkinds of plants have different transpiration rates,
depending on their number of stomata and other characteristics. However the availability of
soil water and the ability of the roots to extract water from the soil are key factors which
affect the actual transpiration rate (Allen et al. 1998). Although plant stomata respond not
only to soil moisture deficits, but also to atmospheric conditions, in our model the crop is
assumed to transpire at the potential rate when there is no limitation of soil water supply. As
the soil water content decreases, the system comes under stress and the transpiration rate

decreases. Transpiration ceases at the permanent wilting point.

2.3 Bare soil evaporation: the process of evaporation from a bare soil can be divided into

three stages (Hillel 1998): (a) in the first stage the soil is wet and evaporation occurs at the

potential rate, hence the only limitation is the atmospheric demand; (b) when the soil
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becomes dryer water cannot be supplied to the soil surface fast enough to meet the
evaporative demand, and so the rate of evaporation decreases as the thickness of the dry layer
increases; finally (c) the rate of evaporation becomes very small compared to the potential

demand.

2.4 Sowing and seed germination: the distribution of soil moisture with depth and the timing

and duration of early rainfall are critical for the sowing and successful germination of the
seed. The retention of some water near to the soil surface, so that it is available for shallow
roots during the period following sowing, is illustrated in Figure 4 which refers to non-
irrigated millet crops planted in deep sandy soils at two sites in semi-arid Niger (Payne et al.
1991). The soil water content measured at eight or four days after sowing (DAS) shows an
increased water content near the soil surface (approximately indicated by the shaded areas);,
this promotes seed germination. This increased water content in the vicinity of the soil
surface is described by us as Near Surface Storage of water (NSS). The moisture content
distributions at flowering and the maximum depths of the root zones are also shown in Figure

4. At Chikal the rainfall of only 196 mm constrains root development.
INCLUDE FIGURE 4 HERE

Near Surface Storage is also important when rainfall occurs during the dry season. The
evaporation demand on that day is met by the rainfall. Even though the upper part of the soil
profile is very dry, a proportion of the hydrologically effective rainfall (rainfall minus runoff

and evaporation) is retained near the soil surface for evaporation on the following day(s).

2.5 Runoff: when the infiltration capacity of the soil is limited, runoff is likely to occur on
days with significant rainfall. The intense rainfall events which occur in semi-arid areas
often lead to considerable runoff (Eilers 2002). This is enhanced by surface crusts which

form on sandy soils. Runoff from one location becomes run-on to a nearby area, from which



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212
213

214

215

216

217

Page 9 0f 30

infiltration, and potentially deep drainage, can occur. In our model this is not explicitly
allowed for, although minor modifications to the computational model could easily be made

to this effect.

2.6 Deep drainage: when the water content of the soil reaches field capacity, water can drain

through the soil zone to become potential recharge. Field capacity is defined as the amount
of water which the soil can hold against gravitational forces. At field capacity, any excess
water drains through the soil zone. Although in practice a small amount of water can drain
from the soil zone when the water content is slightly below field capacity, the assumption that
recharge only occurs at field capacity leads to minor errors. Our model does not explicitly
allow for by-pass or rapid flow through or from the soil zone. In many soils and
environments such processes are important, and their inclusion could usefully represent a

further development of our model.

2.7 Soil water content: the soil water content at the end of any given time step is computed by

a simple mass balance applied to the soil zone. Inputs of water originate from infiltrated
rainfall, while losses are due to (bare soil) evaporation, transpiration, and deep drainage. It is
assumed that when the soil is too dry to sustain evaporation or transpiration (either because it
has entered Hillel’s third stage of evaporation, or because vegetation has died or been
harvested), then no further water loss occurs. Consequently the soil water content at the

beginning of the rainy season is the same as that at the end of the previous cropping season.

3. Inclusion of key physical features in a soil water balance

This section considers how the features, introduced in Section 2, are included in the
conceptual and computational models of a daily soil water balance of land under a millet
crop. Reference is made to the components of the soil water balance model of Figure 2(b)
and to Figure 5 which presents a soil water balance for Nguru from mid April to late October

1995. The significance of Figure 5 is considered further in Section 4.
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3.1. Soil Moisture Deficit

Moisture conditions in the soil are described using the soil moisture deficit SMD which is
defined as the amount of water required to bring the soil up to field capacity. Components of
the soil water balance, Fig 2(b), are the infiltration z which equals the daily rainfall Pr less
runo ff RO (estimation of the runoff is considered in Section 3.5). Potential
evapotranspiration PE represents potential transpiration by the crop and/or evaporation from
bare soil. The actual evapotranspiration AE depends on the current SMD and the infiltration
In (Section 3.2). Any surplus Iz — AF leads to a reduction in the SMD. Since the soil
moisture deficit does not provide information about the distribution of moisture with depth,
the concept of near surface storage is introduced to represent the retention of soil water near
the surface (VSS is considered in Section 3.4). When the SMD becomes negative, deep

drainage occurs from the bottom of the soil zone (Section 3.6).

3.2. Transpiration and water stress

The estimation of the potential evapotranspiration PE for a crop depends on the reference
evapotranspiration E7o, which is calculated using the Penman-Monteith equation (Allen et al.
1998), multiplied by the crop coefficient K- which represents the crop characteristics which
differentiate the crop from the reference surface of grass (Abdulmumin and Misari 1990,
Allen etal. 1998). The significance of K- for a millet crop can be identified from Figure 5(b)
which shows ETo as the full line and the daily PE by the unfilled bars. For most of the year
the coefficient K is greater than 1.0 although it falls below 1.0 as the crop ripens and harvest

is approached.
INCLUDE FIGURE 5 HERE

The depth of soil water which can be used by the crop, the Total Available Water 7AW,
depends on the rooting depth of the crop (see Figure 3) and on the moisture holding

properties of the soil.
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TAW =6y — 6yp) Z, (1

where Grc and Gyp are the moisture contents at field capacity and wilting point and Z, is the
current depth of the roots. Consequently, during the growing season at Nguru 7AW increases
from 26 to 108 mm (Figure 5(c)). Moisture can be extracted by the roots without water stress
when the soil moisture deficit does not exceed the Readily Available Water RAW which is
estimated by multiplying 7AW by a depletion factor p. Values of all the above parameters
can be obtained from the FAO Report Crop Evapotranspiration, Allen et al. (1998). Figure
5(c) shows how RAW and TAW vary during a year. When the soil moisture deficit is greater
than RAW, a water stress coefficient applies, Figure6, which leads to an actual
evapotranspiration AE which may be less than PE. The equations used to calculate Ks and
then AE are listed on the right of Figure 6. The equation in the box in Figure 6 indicates that
when there is infiltration, but it is less than PE, this infiltration is collected by the shallow
roots but the remaining evapotranspiration demand is met at a reduced rate calculated from

the current K.

In Figure 5(b) the potential evapotranspiration is shown by the unshaded bars and the actual
evapotranspiration by the black bars. Up to day 195, actual evapotranspiration occurs mainly
on days with rainfall (or on the following days if NSS applies or SMD <TAW). After day 193
the growing roots ensure that some water is transpired. During the main rainy season,
evapotranspiration is at the potential rate up to day 249 because SMD is less than RAW.
Between days 250 and 276, provided that In < PE, actual evapotranspiration is less than the

potential rate since RAW <SMD < TAW.
INCLUDE FIGURE 6 HERE

3.3. Bare soil evaporation
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Bare soil evaporation occurs before and after the rainy season. It can be estimated by
multiplying £70 by an evaporation coefficient K;; which, according to Allen et al. (1998),
equals 1.05. Since K¢ and Kj; are usually slightly above unity, PE for the whole year, Figure
5(b), is just above ETo apart from the period immediately before harvest. When bare soil
evaporation is predominant, the Readily Evaporable Water REW and the Total Evaporable

Water TEW replace RAW and TAW where (Allen et al. 1998)
TEW =1000(6, —0.56,,)Z, )

In this equation Z., the thickness of the surface soil layer which is subject to drying by
evaporation, is set at 0.25 m. During the dry season TEW =26 mm and REW = 16 mm. The
variation throughout the year of REW or RAW and TEW or TAW is shown in Figure 5(c).
Example (i) of Figure 3 illustrates the situation where no evaporation occurs because SMD >

TEW.

3.4. Near Surface Storage

The concept of moisture stored near the surface of the soil on days of significant rainfall was
introduced in Section 2 and sketched in example (ii) of Figure 3. The method of including
this mechanism in a soil water balance calculation is illustrated in the schematic diagram of
Figure 7. In Figure 7(a) the variation of the volumetric water content with depth at the start
of a day is indicated by the broken line (which for depths greater than 0.8 m coincides with
the full line). The full line represents the volumetric water content at the end of the day. The
total shaded area shows the increase in water content which arises from a substantial
infiltration minus the actual evapotranspiration; this quantity is the hydrologically effective
rainfall, HER. A factor, FrNSS defines how HER is allocated between near surface storage
and reducing the soil moisture deficit:

(i)  FrNSSx HER is available for evapotranspiration by shallow roots (or evaporated

from the soil surface) on the following days,
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(i) (1.0 — FrNSS)x HER is used to reduce the SMD.

INCLUDE FIGURE 7 HERE

To represent the cultivated Sahelian sandy soil of the study area and the associated land
preparation to retain moisture near the soil surface, FrNSS is set at 0.45. For soils with higher
clay contents, larger values are appropriate. The way in which FrNSS = 0.45 influences the
actual evapotranspiration is shown in Table 1. Infiltration of 30 mm occurs on day 1 and a
further infiltration of 6 mm on day 3. Atthe end ofday 1 (30.0 — 6.0) mm is available; 45%
is allocated to NSS with 55% used to reduce the SMD. This NSS of 10.8 mm ensures that
evapotranspiration occurs at the potential rate of 5.8 mm on day 2; the remaining 5.0 mm is
distributed between NSS and reducing the SMD. On day 3 the infiltration of 6.0 mm plus
NSS of 2.3 mm means that AE = PE with 1.1 mm allocated to NSS. On day 4 the near surface
storage of 1.1 mm is transpired directly with the remaining 4.9 mm of PE transpired at a

reduced rate according to Ky as indicated in the footnote to Table 1.

The importance of near surface storage can be observed in Figure 5. On day 112 when the
infiltration is 13.3 mm, AE = PE = 5.9 mm with the quantity in near surface storage NSS =
3.3 mm. On the following day this water is transpired. Heavy rainfall on day 183 results in

infiltration of 32 mm. Near surface storage is significant on the two following days.
3.5. Runoff

On a plot scale, surface runoff depends on the surface characteristics (gradient, soil and
vegetation), rainfall intensity and the antecedent soil moisture conditions. An approximate
technique for estimating daily runoff is developed which uses parameters of the soil water
balance, namely daily rainfall and antecedent soil moisture conditions (represented by the

SMD at the start of the day), with a matrix of coefficients which is used to represent the
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runoff coefficients. The coefficients used for this study are recorded in Table 2. For a daily
rainfall of 40 mm with the SMD =20 mm, the runoffis 0.25 x 40 = 10 mm, but reduces to
0.10 x 40 =4 mm/d when the SMD = 100 mm. For intermediate values of rainfall intensity
and SMD, linear interpolation is used. For Nguru in 1995, Figure 5(a) indicates that the
annual runoff totals 53 mm and exceeds 1.0 mm on six days. These runoff coefficients are
devised to represent observed intensities of runoff. In the light of uncertainties about the
coefficients, a sensitivity analysis should be carried out with a range of plausible values for

the coefficients (see Section 6 example 4).

3.6. Deep Drainage

When, during a daily water balance calculation, the infiltration results in a negative value of
the soil moisture deficit, the soil water content reaches field capacity. Consequently the soil
becomes free draining, the negative SMD becomes potential recharge from the base of the
soil zone and the SMD is set to zero, (see example (iii) of Figure 3). For Nguru in 1995,
Figure 5(c) indicates that the SMD reduces rapidly early in the growing season and becomes
negative due to the heavy rainfall on day 197 leading to a deep drainage of 7.1 mm as plotted
in Figure 5(d). A small potential recharge of 1.7 mm also occurs on day 198. Due to the

heavy rainfall on day 212 the SMD again becomes negative with deep drainage of 5.9 mm.

3.7. Suitability of the single store model

This paper presents a single soil water store with some water retained near to the soil surface
on days with heavy rainfall. Other workers, for example Ragab et al. (1997), Finch (2001),
Kendy et al. (2003) use multi-store (multiple soil layer) models. There are two main
drawbacks to multi-store models: first, procedures are required to represent the transfer of
water between the individual soil layers, and the distribution of transpiration from the layers.
These procedures may fail to represent what actually happens in the field. For instance, field

experiments show that different patterns of roots develop in different years (McGowan et al.
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1984) hence a predetermined depth distribution for the withdrawal of water by the roots may
be invalid. The second drawback is that a great deal of data is required, which is often not

available, at least in the contexts for which the present model was designed.

Although the model presented in this paper also implicitly includes a (maximum) rooting
depth which is assumed to be achieved every year (a model aspect which could be modified
relatively easily if so desired), the model makes no assumptions about the depth distribution
of water uptake by roots. Itis also economical in terms of data requirements. The authors
believe that the single store soil water balance with near surface storage adequately represents
all the important physical processes when the purpose of the water balance model is to

estimate deep drainage from a cropped area.

4. Typical and long-term results for Nguru

Soil water balance calculations are carried out for Nguru where rainfall data are available
from 1962-1997. The mean annual rainfall for the study period is 431 mm. In the absence of
daily agrometeorological data (except rainfall), the daily reference evapotranspiration values
are derived by linear disaggregation from long-term monthly means calculated using the
Penman-Monteith equation. The maximum value of K¢ for millet is 1.1, the soil evaporation
coefficient Ky is 1.05. These and other parameter values are summarised in Table 3. The soil
properties for the sandy soil are field capacity of 0.12 m*/m® and permanent wilting point of
0.03 m>/m>; these values are consistent with the field values determined by Grema and Hess
(1994) in North-east Nigeria and Rockstrom et al. (1998) in semi-arid Niger. They lie within
the range of values suggested in FAO 56 (Allen et al. 1998) for a sandy soil. The total
available water 7AW and the total evaporable water TEW are calculated from these soil
properties (see Eqs 1 and 2). A linear root growth is assumed, Figure 3, to a maximum

effective rooting depth of 1.2 m. REW and RAW are calculated using a depletion factor p
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equal to 0.6 (Rockstrom et al. 1998). The maximum depth from which evaporation can occur

is 0.25 m. Variations of TAW or TEW and RAW or REW with time are plotted in Figure 5(c).

4.1. Planting date

In semi-arid areas, the establishment of successful rainfed crops depends on the adjustment of
the growth cycle to the seasonal distribution of rainfall. A farmer may take the risk and plant
at the first rainfall but it may be necessary to re-plant again if a dry spell follows. Mortimore
(1989), in a study of five villages in Northeast Nigeria, reports that on average three millet
plantings were necessary during the dry year of 1975. Several authors have defined criteria
for the onset of rains when planting can take place. These are summarised in Table 4. Each
of these methods has been tested in water balance calculations over 36 years for Nguru; they
lead to a significant variation in the estimated date for the onset of rains. The methods of
Stern et al (1982) and Sivakumar (1992) are too stringent, predicting that for some years the
onset of rains would never occur. On the other hand, the methods of Benoit (1977) and
Agnew (1991) do not identify the frequent occurrence of dry spells in the days following the
first rains. Although the method of Kowal and Kassam (1978) is based on rainfall for ten-day
periods, in most years their method provides a realistic planting date. Therefore the approach
adopted was to use the criteria of Kowal and Kassam (1978) and after an initial simulation,
manually adjust the planting date when necessary to be consistent with observed agricultural

practices.

4.2. Detailed results for 1995

Each year has distinctive features. 1995 has been selected to illustrate soil water balance
calculations. The annual rainfall of 384 mm with 36 rainy days is below the annual average
of 431 mm. However, the SMD at start of the rainy season of 26 mm is unusually small,
occurring as it does because of the high rainfall in 1994. For most years the SMD at the onset

of the rainy season exceeds 100 mm. Inputs to the soil moisture balance are the daily rainfall,
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the daily potential evapotranspiration deduced from monthly estimates and the variation of

RAW or REW and TAW or TEW throughout the year.

Figure 5(a) shows the rainfall with runoff plotted below the horizontal axis. Calculated
runoff totals 53 mm. Consequently, of the total rainfall of 384 mm, only 331 mm infiltrated

into the soil to contribute to the soil water balance.

Diagram (b) of Figure 5 shows the potential evapotranspiration as unfilled bars and the
calculated actual evapotranspiration as filled bars. Before the start of the rainy season and
after the end of the rainy season there were few days when rainfall occurred; the resulting
infiltration was quickly evaporated as indicated by filled bars. At other times during the dry
season the evaporation was zero. On the other hand, during much of the rainy season the
actual evapotranspiration was at the potential rate. Even on days with zero rainfall, when the
SMD was less than RAW the crop was notunder stress and could draw sufficient water from
the soil store. After day 249 when the SMD became greater than RAW, evapotranspiration
occurred at below the potential rate apart from days with substantial rainfall. The decreasing
AE in the days approaching harvest had little effect on the crop yield. The fact that actual
evapotranspiration during the initial, develop and mid stages of the crop growth was at or
close to the potential rate, resulted in a reasonable crop yield despite an annual AE of only
393 mm when the annual PE was 1849 mm. The first and final days on which deep drainage
occurred, days 197 and 212, were early in the rainy season, this timing arose from the

unusually small soil moisture deficit at the start of the rainy season.

Soil moisture deficits hardly changed during the dry season; any rainfall which occurred was
evaporated rapidly. Atthe end of the rainy season after harvest on day 277 the SMD was
104.5 mm. Itremains at this value until the rainy season of 1996. The contrast between the
soil moisture deficits for the dry seasons 1994-95 and 1995-96 demonstrates the importance

of representing adequately the soil water conditions during the dry season.
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4.3. Deep drainage estimates for 1962 to 1997

The relationship between calculated annual potential recharge and the annual rainfall for
Nguru for the thirty-six years from 1962 to 1997 is presented in Figure 8. Potential recharge
varies substantially from year to year depending on the distribution, intensity and frequency
of rainfall events and especially on the soil moisture deficit from the preceding dry season.
During the 36 years, annual potential recharge varies from zero to 95 mm with twenty-three
years having zero. The mean annual potential recharge is 14.1 mm. The highest annual
rainfall, which resulted in zero potential recharge, was 650 mm in 1963;the SMD at the start
of the year was 98 mm, there was substantial rainfall before and after the cropping season.
This contrasts markedly with 1995 when rainfall of 384 mm resulted in a potential recharge
of 15 mm because the SMD at the start of the rainy season was only 26 mm. The high value
of modelled potential recharge in 1977 occurred because significant rainfall after harvest in
1976 meant that the soil moisture deficit at the start of the 1977 rainy season was only
moderate. Furthermore, although the rainfall in 1977 was not unusually high (1.18 times the
mean annual rainfall), the distribution of rainfall resulted in a zero soil moisture deficit on six
occasions, leading to an annual potential recharge of 95mm. Finally, Figure 8 demonstrates
that in semi-arid areas annual rainfall totals are not a good predictor of annual potential

recharge.
INCLUDE FIGURE 8 HERE

5. Plausibility

Having developed a soil water balance model for estimating deep drainage, the credibility of
the results generated by the model needs to be considered. In locations where groundwater
has been exploited for many years, the potential recharge estimates can be incorporated in a
regional groundwater model; comparisons between the predicted and actual ground water

head hydrographs test the adequacy of the recharge estimates (Kavalanekar et al. 1992,
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Rushton 2003). However, for the present study where field data were limited, and there were
no absolute reference values of deep drainage available for calibration and validation, the
concept of plausibility was used to assess the adequacy of the soil water balance model
(Carter et al. 2002). The concept of plausibility includes judgments about the structure of the
model as well as tests of the model results. It assumes that if the model is reasonable in
representing the complex hydrological system, then it will be able to compute a credible
water balance. This procedure is not limited to an analysis of the deep drainage component
alone but also considers additional outputs which can help to assess the credibility of the
representation of soil-water by the water balance model. Ofseveral alternative plausibility
approaches explored by FEilers (2002), two are discussed below. Both relate to rainfed millet

cropped land to which the model has been applied in sections 3 and 4 of this paper.

5.1. Experimental field trial at Maiduguri

Comparisons are made between field measurements of soil moisture content in a cropped plot
at the University of Maiduguri, Nigeria (Grema and Hess 1994), with results from the soil
water balance model. During a field trial in 1992, estimates of the variation of moisture
content with depth were obtained from neutron probe readings at 20 cm intervals below
ground surface. From these moisture content estimates, the total soil moisture to a depth of
1.3 m is calculated. The filled diamonds in Figure 9 represent these field estimates. Due to
the limited precision of the experimental technique and changes in soil moisture close to the

soil surface following rainfall, sudden changes between individual estimates do occur.
INCLUDE FIGURE 9 HERE

So that comparisons can be made with values of SMD from the model, the average of the
field values for 24th August, 1st, 8th and 15th September of approximately 162 mm is
assumed to represent the maximum total soil moisture content. Taking this value as

corresponding to field capacity (SMD = 0), an alternative vertical axis is provided on the right
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of the diagram to represent soil moisture deficits. Estimated soil moisture deficits from the
water balance calculations are plotted on Figure 9 as a continuous line. Approximate
agreement occurs between the total moisture content deduced from field readings and the soil
moisture deficits calculated from the water balance model. The differences of up to 20 mm
arise due to lack of precision in the soil moisture measurements and approximations inherent

in the soil water balance approach.

5.2. Dagaceri

An indirect method of verifying the credibility of the soil water balance model is based on
field observations which contain valuable information about the physical system in the semi-
arid region of North-east Nigeria, Mortimore (1989). Mortimore presents a diary for the
years 1972-1985 in the life of the small village of Dagaceri (see Figure 1) from which a range
of information was gathered about rainfall and crop yield for each crop season. The author
gives a brief narrative for each year in which he describes the overall crop yield and its
relation to the rainfall patterns. As Dagaceri is geographically not far from Nguru
(approximately 30 km Southwest) and the rainfall patterns and crop characteristics are
similar, selected outputs from the water balance model using the daily climatic data from
Nguru, are compared with field observations at Dagaceri. Since the model estimates the daily
actual evapotranspiration, this information can be used to infer crop survival and overall crop

yields.

Figure 10 is devised to summarise the results of the soil water balance calculations; the two
axes in the diagram refer to:
x axis number of days during crop development stage when SMD > RAW. High values
should correspond to poor yields.
y axis ratio AE/PE during crop growing season. High values should correspond to good

yields.
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Years are identified by the following symbols: + years with a satisfactory millet crop, X years
with unsatisfactory yields and A years with other factors influencing the yield. Years with a
good yield, +, are all found towards the top-left of the diagram; poor yields, X, are towards
the bottom-right. This qualitative analysis suggests that, apart from years when additional

factors operate, the soil water balance model reasonably represent the physical mechanisms
which affect the millet crop yield.

INCLUDE FIGURE 10 HERE

6. Sensitivity

Preliminary investigations were carried out into the sensitivity of the model’s outputs to
uncertainties which may arise from (a) empirical errors in the field measurements and (b)
parameter variation as a result of spatial variability. The variability is assessed by running
the model for the maximum and minimum values of the range of variation of single
parameters. The range of variation of parameters is based on values from literature especially
Allen et al. (1998) and field observations. The analysis refers to a sandy soil planted with a
millet crop using the entire thirty-six year rainfall dataset from Nguru. Variations in five
parameters are considered. The findings, which are summarised in Figure 11, are discussed
below. The first two refer to changes in crop properties, the third to different soil properties,
the fourth to a change in runoff coefficients and the final variation refers to the fraction of

water stored near the soil surface.
INCLUDE FIGURE 11 HERE

Variation in the mid season crop coefficient: the potential evapotranspiration for the crop is

calculated by multiplying the reference crop evapotranspiration by the crop coefficient.
Increasing and decreasing the coefficient by 0.1 leads to a maximum value of Ko=1.2 and a

minimum of 1.0. In practice it is unlikely that the crop coefficient would lie outside this
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range. The resultant mean deep drainage estimates are 11.2 mm/year (due to higher
evapotranspiration losses) and 17.8 mm/year compared to 14.1 mm/year for the standard

parameters.

Variation in the maximum depth of roots: due to a number of factors including the ability of

the roots to grow deeper during seasons with limited rainfall, the maximum rooting depth can
vary within the range 1.2 + 0.25 m. With the greater rooting depth and hence higher values
of TAW, the actual evapotranspiration is higher with a mean potential recharge of 10.8

mm/year. Reduced root penetration results in a potential recharge of 18.5 mm.

Increases and decreases in the difference between moisture contents at field capacity and at

wilting point: these alterations lead to the greatest changes in recharge, Figure 11. Due to
variations in the grain sizes in the soil, the difference 6, — 6y =0.0910.02 can occur in

practice; this leads to actual evapotranspiration estimates of 383 and 363 mm/year and

potential recharge estimates of 9.5 and 21.8 mm/year.

Modifications to runoff coefficients: the runoff coefficients of Table 2 are devised to

represent runoff but they are only approximate estimates. Consequently increasing each of
the coefficients by 20% or decreasing by 20% are appropriate variations. They lead to a
decrease in the estimated deep drainage to 10.7 mm/year and an increase to 17.8 mm/year.

These changes highlight the need to obtain realistic field estimates of the runoff.

Fraction of water stored near the soil surface: the coefficient F7NSS is an empirical

coefficient which lies between zero and 1.0. The value of 0.45 which is used in the
simulations is selected to represent the retention of water near the soil surface during the
early stages of crop growth. Itis unlikely that F7NSS is less than 0.2 or greater than 0.7;
these values are used in the sensitivity analysis and lead to estimated recharges of 15.2 and

13.3 mm/year. These results refer to the overall potential recharge averaged over a thirty-six
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year period. Often near surface storage is significant during the early stages of crop growth
or during the dry season, but this does not result in a substantial change in the potential

recharge (which for many years is zero).

This sensitivity analysis indicates that the two single parameters which cause greatest
changes to deep drainage estimates are the difference between moisture contents at field
capacity and wilting point, and the effective depth of the roots. Due to the variability of these
parameters in the field, uncertainties do occur in potential recharge estimates for semi-arid

areas.

7. Conclusions

7.1 General conclusion

Recharge estimation in semi-arid areas is required to assess the availability of groundwater
for domestic, agricultural and industrial use. For routine deep drainage or potential recharge
estimates the soil water balance technique is appropriate provided that the physical processes
in the soil and the crop are adequately represented, with realistic parameter values, in the
calculations. In the absence of the possibility of true calibration and validation, the
plausibility of this approach has been confirmed by comparisons with field measurements of

soil moisture conditions and crop yields.

In this paper deep drainage is estimated from a single store soil water balance in which
potential recharge only occurs when the soil moisture deficit becomes zero and the soil
becomes free draining. The validity of this assumption is questioned by Kendy et al. (2003).
Their study relates to an irrigated cropland in the North China Plain. Their calibrated model,
which represents unsaturated conditions in a soil consisting of several layers, predicts that
drainage occurs from the lowest layer on most days throughout the simulation period of three
years. There are two differences from the conditions in the Nguru study area. First, the

growing seasons of the two irrigated crops in the North China Plain extend over most of the
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year with substantial irrigation of similar magnitude to the annual rainfall. Consequently the
soil moisture deficit is relatively small for most of the time. However for the rainfed crop at
Nguru the soil moisture deficit only reduces to small values following significant rainfall
events. Second, field studies in the North China Plain indicate that towards the bottom of the
soil profile there is a 45 cm layer of clay loam with a saturated hydraulic conductivity of
0.003 m/d; this clay loam layer delays the downward movement of water. In Nguru, the soil
is sandy so that water can move down freely through the soil profile when field capacity is
reached. Consequently the assumption of a free draining soil is acceptable. Nevertheless, the
study of Kendy et al. (2003) demonstrates that slow drainage may occur if the soil contains a
substantial low permeability layer;the soil water balance model described in this paper

requires modification if the soil profile contains low permeability layers.

7.2 Conclusions regarding the model

The model presented here includes the main processes which determine deep drainage. In
using a single soil water store (single layer), the model has avoided the inclusion of
unnecessary and inadequately understood complexities — specifically the detailed manner in
which soil and roots interact to redistribute and take up water. Ithas also avoided the

necessity of having detailed layer-wise soil and root data, which rarely exist in practice.

Aspects of the model which could usefully be further developed include:

e the explicit inclusion of interception;

e response of the crop to stress imposed by atmospheric conditions;

e the inclusion of run-on from adjacent areas;

e the linking of root development to soil moisture deficit;

e the inclusion of bypass flow.
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585  The next logical step in model development would be to adapt it for area-wide estimates of

586  potential recharge, taking account of spatial variability of soil and crop properties.

587  In addition to the semi-arid application described in this paper, the model has also been
588 applied in a temperate climate (Hulme et al, 2001), and work is on-going to apply it in the
589  humid tropics. The model has so far only been used under rainfed cropping conditions, but
590 irrigated crops can also be included by setting the daily rainfall equal to the actual rainfall

591  plus the depth of irrigation.

592 7.3 Application of the model to semi-arid North- East Nigeria

593  Recharge estimates based on a thirty-six year rainfall record at Nguru in North-east Nigeria
594  indicate that the recharge cannot be related directly to the annual rainfall. A very important
595  factor influencing the recharge is the soil moisture deficit at the start of the rainy season.

596  This deficit varies a great deal from year to year, as a function of the timing and amount of
597 late rains in the days and weeks prior to harvest. The model assumes that once the crop is
598 harvested, water can only be lost upwards by bare soil evaporation (until the top 25-50cm of
599  soil is dry and Hillel’s third stage of evaporation is reached), or downwards by deep drainage
600  (in the unlikely event that the soil is still wetter than field capacity). Once the soil surface is
601  dry, and a deficit exists in the lower part of the soil zone, the remaining water is effectively

602  “frozen” in place until the next rainy season.

603 A study of the detailed water balances indicates that deep drainage is predicted to occur under

604  rainfed millet cropping at Nguru when:

605 (i) the soil moisture deficit carried over from the previous year is less than 31 mm (for the
606  case study used in this paper, total available water 7AW is taken as 108 mm at full rooting

607  depth);
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(ii) there is a period with substantial rainfall with at least 240 mm during a period of 30 days

(cf mean annual rainfall of 431 mm for Nguru).

There are two years when neither of the above criteria were met. However, concentrated
rainfall of 127 mm in 5 days or 124 mm in two consecutive days resulted in the reduction of

the soil moisture deficit to zero and the occurrence of deep drainage.

Sensitivity analyses show that recharge estimates are principally sensitive to the rooting depth
and the total available water. The latter depends both on the rooting depth and water holding
capacity. Although estimates of soil moisture contents at field capacity and wilting point are
generally available (for example Allen et al. 1998), estimating the effective rooting depth is
open to more uncertainty. In this study the same variation in rooting depth is assumed to
occur each year, although in practice rooting depths are likely to vary from year to year.
Consequently, sensitivity analyses should always be carried out to obtain a range of potential

recharge estimates.

The problem of validation of the model remains. In the absence of known values of recharge,
calibration and validation in the strict sense are not possible. Apart from the plausibility tests
applied in this paper, the best that can be done is to compare model outputs with alternative
models or with field-based estimation techniques. The model outputs presented in this paper
are consistent with the field results of Edmunds et al (2002). Their work, carried out in the
same part of Nigeria, using the chloride profiling technique at six field sites, estimated deep
drainage of 20-76mm.a"', or after modification of rainfall chloride concentrations to fit a

long-term rainfall chloride calibration model, 16-30mm. a’,
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List of Figure captions

Fig. 1. Map of study area.
Fig. 2. Soil water balance components (for terms in Fig 2(b) see section 3.1)
Fig. 3. Growth of millet crop and soil water balance conditions on three occasions.

Fig. 4. Field water content results at two sites in Niger soon after sowing (DAS = days after

sowing) and at flowering (source Payne etal. 1991).

Fig. 5. Components and parameters of the daily water balance for Nguru in 1995.

Fig. 6. Estimation of stress coefficient Ks and dependence on RAW-REW and TAW-TEW.
Fig. 7. Tllustration of estimation of Near Surface Storage.

Fig. 8. Annual potential recharge and its dependence on annual rainfall for Nguru from 1962

to 1997.

Fig. 9. Soil water conditions, estimated from neutron probe measurements, compared with

calculated SMD for Maiduguri.

Fig. 10. Crop yield at Dagaceri related to both the number of days when SMD > RAW and
the ratio AE/PE.
Fig. 11. Sensitivity analysis due to changes in soil and crop parameters, runoff and near

surface storage coefficients
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Figure 6

1.0 RE‘VV RAW TAW = 1000 (epc—eWp)
evapotrans RAW =p TAW
0.8 “ evapo- -piration Ks = 1.0 when SMD < RAW
0.6 - | ration sandy K, =0.0 when SMD > TAW
Ks \ ol por RaW < SMD < TAW
0.4 7 \ TAW k. - TAW —SMD
02 — \ »L S TAW — RAW
\TEW when infiltration /n > PE:
0.0 T T T [ T T T T ] AE =PE
0 50 100 when infiltration /n < PE
soil moisture deficit SMD (mm) AE = In+ K, (PE — In)




Figure 7

(a) actual soil (b) equivalent computational
water distribution model distribution
volume water content volume water content
0 0.05 0.1 0.15 . 0 0.05 0.1 0.15
WP FC @) WP [ FC |
O 1 0 11 | 1 111 L1 11
near surface I
] storage
] available for T |
_ T AE next da 1
E 04 y ] NSS |
Q - -
%’ | of day i
E (ii)
= T reduces 3 \X\\
2 08 am 08— N
E -
Q
e}
=
53
<




Figure 8
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Table 1

Click here to download Table: Table-1.doc

TABLE 1 Inclusion of Near Surface Storage in daily soil water balance with units mm or

mm/d; FrNSS = 0.45, RAW =59 mm, TAW = 108 mm; tabulated values are rounded to

one decimal place (pSMD and pNSS are values at the end of the previous day).

Day pSMD In

1

v A W

96.0
82.8
80.1
78.8
759

30.0
0.0
6.0
0.0
0.0

IntpNSS PE AE

30.0
10.8
8.3
1.1
0.0

6.0
5.8
5.9
6.0
5.8

6.0
5.8
5.9
1.1+ 2.9%
3.8

NSS
10.8
2.3
1.1
0.0
0.0

*AE= 1.1+ K¢ x 4.9 where Kg= (108 — 78.8)/(108 — 59) = 0.60

to SMD
13.2
2.7

1.3

0.0

0.0



Table 2
Click here to download Table: Table-2.doc

TABLE 2 Runoff coefficients at specific rainfall intensities and soil moisture deficits

SMD at Rainfall intensity (mm/d)
start of
day (mm) 0 20 40 60 80

0 0.10 0.15 0.30 0.45 0.70
20 0.07 0.10 0.25 0.40 0.60
50 0.00 0.05 0.20 0.35 0.55

100 0.00 0.02 0.10 0.20 0.40




Table 3

Click here to download Table: Table-3.doc

TABLE 3 List of model parameters, numerical values and sources of information for Nguru

Symbol

Pr
ETo

Ke
Ky
Orc

Owp

TEW

RAW
REW
K
FrNSS
RO

Parameter

daily rainfall

reference crop
evapotranspiration

crop coefficient

soil evaporation coefficient

moisture content, field capacity

moisture content, wilting point

depth ofroots
depth for drying by evaporation

total available water

total evaporable water
depletion factor

readily available water

readily evaporable water

water stress coefficient

fraction for near surface storage

Runoff

Value

variable

variable

1.1 (max)
1.05
0.12 m’/m’

0.03 m’/m’

1.2 m (max)
0.25m

108 mm
(max)

26 mm

0.6

65 mm (max
16 mm

Fig. 6

0.45

Table 2

Sources of info ma tion

from meteorological station
Penman-Monteith, Allen et al.
(1998)

Allen et al. (1998)

Allen et al. (1998)

Grema and Hess (1994), Allen et al.
(1998), Rockstrom et al. (1998)
Grema and Hess (1994), Allen et al.
(1998), Rockstrom et al. (1998)
Allen et al. (1998)

Allen et al. (1998)

Equation (1)

Equation (2)
Rockstrom et al. (1998)
from TAW and p

from TEW and p

Allen et al. (1998)

field evidence

field evidence



Table 4
Click here to download Table: Table-4.doc

TABLE 4 Alternative methods of identifying the onset ofrains

Author
Benoit (1977)

Kowal and Kassam (1978)
Stern et al. (1982)

Agnew (1991)
Sivakumar (1992)

Criteria for onset of rains

Rainfall 2 0.5 ETo over any period followed by no more than 5 dry
days

Rainfall 2 25 mm in 10 days with rainfall > 0.5 ETo in next 10 days
Rainfall > 20 mm in 2 days with no dry spell exceeding 10 days
during subsequent 30 days

Rainfall > 10 mm in 5 days with rainfall = 10 mm in next 15 days
Rainfall > 20 mm in 3 days with no dry spell exceeding 7 days
during subsequent 30 days
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