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Résumé 
UPFLOW, un modèle pour estimer la remontée d’eau et de sel depuis une nappe phréatique. 
UPFLOW est un outil informatique qui permet d’estimer la remontée d’eau et de sel depuis 
une nappe phréatique peu profonde vers la couche superficielle du sol, pour une période 
déterminée et des conditions environnementales spécifiques. Dans le modèle, les conditions 
environnementales sont spécifiées par : (i) l’évapotranspiration moyenne pendant la période 
considérée ; (ii) la teneur en eau moyenne de la couche superficielle pendant cette période ; 
(iii) la profondeur de la nappe en dessous de la superficie du sol ; (iv) l’absorption de l’eau 
par les racines ; (v) la profondeur et les caractéristiques des différentes couches du sol et (vi) 
la teneur en sel de la nappe phréatique. Une remontée permanente est assumée pendant la 
période considérée. Pour des conditions d’irrigation fragiles, caractérisés par une nappe 
phréatique superficielle et/ou saline, UPFLOW est un outil intéressant pour estimer les effets 
de pratiques agriculturales et/ou mesures de contrôle. Cet article présente deux 
applications : (i) l’effet de la remontée capillaire sur le programme d’irrigation de la mangue 
dans le périmètre irrigué de Maniçoba dans le nordeste du Brésil et (ii) le calcul des besoins 
en eau pour le contrôle de la salinité dans les périmètres rizicoles dans le Delta du Fleuve 
Sénégal. Des mesures de terrain au Brésil et au Sénégal confirment que les simulations des 
quantités d’eau et de sel transportés par remontée capillaire vers la zone racinaire se situent 
dans un bon ordre de grandeur.  
 
Abstract 
UPFLOW: a model to assess water and salt movement from a shallow water table to the 
topsoil. UPFLOW is a software tool developed to estimate the expected upward water and 
salt movement from a shallow water table to the topsoil during a specific period and for the 
given environmental conditions. The environmental conditions are specified in the program 
by: (i) the average evapotranspiration demand of the atmosphere during the period under 
consideration, (ii) the average soil water content that is maintained in the topsoil during that 
period, (iii) the depth of the water table below the soil surface, (iv) the water extraction pattern 
of the plant roots, (v) the thickness and characteristics of successive layers of the soil profile 
and (vi) the salt content of the water table. A steady state upward flow is assumed during the 
period. In vulnerable irrigation systems, characterized by a shallow and/or saline ground 
water table, UPFLOW may be an interesting tool to estimate the effects of existing or 
potential agricultural practices and/or control measures. Two applications are presented in 
the paper: the effect of capillary rise on irrigation scheduling of Mango in the Maniçoba 
perimeter in the northeast of Brazil and the water requirement for salt control in rice schemes 
in the Senegal River Delta. Field measurements in Brazil and Senegal confirms that 
UPFLOW simulates the correct order of magnitude of the amount of water and salt that is 
transported by capillary rise to the root zone. 
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Introduction 

In water balance studies, the change of water stored in the root zone is monitored by keeping 
track of the incoming and outgoing water fluxes at its boundary. The soil water content that can 
be expected at the end of a time period can be derived from the differences between the 
incoming and outgoing water fluxes over the concerned time period. The calculation of the soil 
water balance is an important tool to assess the water availability for crops throughout the 
growing season, the water flow required for irrigation and the excess water flowing to drains. It 
has found wide application in the planning and management of both irrigated and rainfed 
agriculture, as well as in the simulation and evaluation of water management strategies. 
In the presence of a shallow water table, the upward water movement by capillary rise from the 
water table to the root zone is an important incoming flux at the bottom boundary of the root 
zone. Since the upward transported water can cover part or even the total crop water 
requirement, the flux should not be neglected when estimating the irrigation water requirement. 
The determination of the upward flux however is not simple and requires a good knowledge of all 
factors that affect the flow such as the depth of the water table, the capillary properties of the soil 
profile, the evaporative demand of the atmosphere, root water uptake characteristics, and the 
soil water content in the root zone. UPFLOW (Raes, 2002) was developed to estimate indicative 
values for the capillary rise under the given environmental conditions. The software simulates 
not only the magnitude of the expected upward water movement, but also allows the user to 
evaluate the effects of the environmental conditions on the upward flow. 
In irrigated agriculture, many salinity problems are associated with or strongly influenced by a 
shallow water table (Ayers and Westcot, 1985). The amount of salts that will accumulate in the 
topsoil depends on the quality and quantity of the water that move upward. When the build-up of 
salts in the root zone is important and no leaching by rainfall or excess irrigation water is applied, 
the salt concentration might affect crop yield. Given the salt content of the water table UPFLOW 
calculates for the given environmental conditions, the amount of salts that will accumulate in the 
topsoil over a given time period. 

Calculation procedure 

UPFLOW estimates the amount of water that will move from a shallow water table to the topsoil 
for the specified environmental conditions under a steady state condition. The steady state 
condition assumes that the flow does not change with time. As such the calculated flux is valid 
as soon as the water flow is in equilibrium with the environment and as long as the specified 
environmental conditions do not change. 
 

Steady upward flow 
The steady upward flow to the topsoil is estimated by means of a calculation procedure 
presented by De Laat (1980; 1995). By assuming a constant flux from a shallow water table to 
the top soil, De Laat rewrote and integrated the Darcy equation as 

∫ +
−=
h

dh
hKq
hKz

0 )(
)(

      (Eq. 1) 

where z [m] is the vertical co-ordinate, q the constant upward flux [m3.m-2.day-1] of water, h the 
soil matric potential per unit weight of water (head) [m], and K(h) the hydraulic conductivity 
[m.day-1]. The reference level is chosen at the stationary phreatic surface at which level z and h 
are zero. The vertical co-ordinate and the flux are both taken positive upward. If the functional 
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relation between K and h is known, the soil matric potential at specific points above the water 
table can be calculated for particular steady upward flows by means of Eq. 1. The obtained 
relation between the height above the water table (z) and the matric head (h) is called a 
pressure profile. Given the relation between the soil water content (θ) and the matric head (soil 
water characteristics curve) the pressure profiles are easily transformed in moisture profiles. 
Given the K-h and θ-h relation for the various soil layers of the profile above the water table, 
UPFLOW calculates for various fluxes the corresponding pressure and soil moisture profiles. 
Moisture profiles whereby the soil water content in the topsoil drops below the specified mean 
water content are rejected. To guarantee a steady state condition, the amount of water that is 
transported upward will have to be removed with the same rate from the topsoil by 
evapotranspiration. As such the upward flow can never exceeds the specified average 
evapotranspiration demand. Given the above restrictions, the maximum upward flow that can be 
expected under the specified environmental conditions is obtained and displayed, and the 
corresponding moisture profile is plotted. 

Field capacity at equilibrium 
For the specified depth of the water table, UPFLOW displays also the soil water content that can 
be expected in the topsoil when the water content in the specified soil profile is in equilibrium 
with the water table. This so-called 'field capacity at equilibrium' is calculated by means of Eq. 1 
by assuming a very small value for q (0.1 mm/day).  

Water logging in the root zone 
The closer the water table is to the soil surface, the more the root zone becomes waterlogged. 
The degree of water logging is derived from the calculated moisture profile. If at a particular area 
in the root zone the soil water content is above the anaerobiosis point, the soil is assumed to be 
waterlogged in that area. Water logging will result in deficient aeration conditions and will 
hamper root water uptake. If all over the root zone the soil water content is above the 
anaerobiosis point, the root zone is fully waterlogged and the transpiration rate becomes zero. 

Water extraction by plant roots 
UPFLOW calculates the amount of water that will move upward from the water table to that point 
in the root zone where it is completely extracted by plant roots. The calculation procedure 
estimates the zone where the water is extracted by considering the root extraction rate. If the soil 
is not cultivated, the water will be transported to the soil surface where it evaporates.  
 
The amount of water that plant roots can extract from a given soil volume is given by the root 
extraction rate Smax (Feddes et al., 1978). Because of the proliferation of roots in the upper root 
zone, Smax is usually much larger in the top than in the bottom of the root zone. A compilation 
of literature data for cereals, grass and deciduous trees (Diels, 1994; Hubrechts et al., 1997; Van 
de Moortel et al., 1998) indicates that the relation between Smax and soil depth is exponential.  
When the root zone is waterlogged, the water uptake is hampered. This is simulated in 
UPFLOW by multiplying Smax with a water stress coefficient (Ks) that is smaller than or equal to 
one. Once the aeration conditions in the root zone are deficient, Ks decreases exponentially 
from one to zero. 

Salt transport 
If the salt content of the water table is known, Eq. 1 can also be used to predict the amount of 
salts that move upward by means of capillary rise. The salts dissolved in the soil solution will 
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accumulate in the root zone as more and more water is removed by evapotranspiration. In the 
calculation procedure, the assumption is made that 1 dS/m is equal to 640 mg/litre (Abrol et al., 
1988; ASCE, 1996). 

Input 

The input for the UPFLOW model consists in specifying the environmental conditions that are 
valid during the period of upward flow (Fig. 1): 

Evapotranspiration demand 
UPFLOW calculates the upward flow that responds to the specified average evapotranspiration 
demand (ET) of the atmosphere for the given period. Since the water flow inside the soil profile 
is assumed to be steady, the capillary rise from the water table to the topsoil can never exceeds 
ET. Allen et al. (1998) present guidelines to estimate ET from cropped and non-cropped 
surfaces. 

Average soil water content that is maintained in the top soil during the period  
Various degrees of soil wetness can be selected, ranging from very dry (no irrigation during the 
dry season), to a well-watered soil (irrigation period) or even a very wet soil (heavy rainy period 
resulting in drainage of the top soil). 

Depth of the water table below the soil surface 
The depth of the water table is measured in piezometers or can be estimated from water levels 
in drain channels or from a soil profile description. 

Water extraction characteristics of the plant roots 
Indicative values for Smax and the anaerobiosis point for a number of various crop types are 
available and can be selected in UPFLOW. The user can adjust or import new values. 

Soil profile (thickness and characteristics of successive soil layers) 
A soil water retention curve (θ-h) describes the relationship between the soil water content (θ) 
and the corresponding soil matrix potential (h). UPFLOW contains two sets of 12 soil water 
retention curves. Each curve describers the θ-h relationship for one of the twelve different soil 
texture classes. In one set (Parameters), the curves are characterised by the Van Genuchten 
parameters (Van Genuchten, 1991) while in the other set (Curves) each soil water retention cure 
is described by θ-h values for various soil water contents. Although, the two sets of 12 soil water 
retention curves embedded in the program are considered as representative and believed to 
give a good picture of the general trend that can be expected for the given textural class, the 
user can import other curves in the program. 
The functional relation between the hydraulic conductivity (K) and soil matric potential (h), 
required to perform the integration in Eq. 1, is derived at run time once the user has specified the 
θ-h relation and the value for the saturated hydraulic conductivity (Ksat). The K-h relation is 
given by Mualem’s model (Mualem, 1976; Van Genuchten et al., 1991) if Set 1 (Parameters) is 
used for the θ-h relationship or obtained from the water retention curve by the method described 
by Kunze et al. (1968) and Jackson (1972) if Set 2 (Curves) are used. In order to perform the 
calculations, values for the saturated hydraulic conductivity are required. Unfortunately, typical 
Ksat values for the various soil textural classes do not exist. Even for a very specific soil, it is not 
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uncommon to measure rather important variations for Ksat in space and time as a result of 
variations in soil structure, bulk density, biological activity and soil management. Since equations 
that predict hydraulic conductivity from readily available soil parameters (Ahuja et al., 1989; 
Williams et al., 1993; Suleiman and Ritchie, 2001) do not consider all relevant parameters the 
equations can only give an order of magnitude. Therefore, UPFLOW offers the possibility to the 
user to adjust the displayed indicative values for Ksat at run time, before the K-h relation is 
derived. If Ksat is larger than the listed value, more water can be transported upwards. If Ksat is 
smaller, the capillary rise will be less important.  

Salt content of the water table 
The water salinity is expressed by its Electrical Conductivity (EC).  

Output 

For the given environmental conditions, UPFLOW displays (Fig. 1):  
- Expected steady upward flow from the water table to the topsoil (if any); 
- Soil water content expected in the topsoil when no water flow occurs. This is referred to as field 
capacity in equilibrium with the water table; 
- Amount of salt transported upward during the given period, when the water table contains salts; 
- Degree of water logging in the root zone (if any); 
- Graphical display of the soil water profile above the water table. 

Applications 

Two examples illustrate the use of UPFLOW in the formulation of practical irrigation guidelines. 

Irrigation charts for the Maniçoba perimeter (Brazil) 
Irrigation charts (Raes et al., 2000; De Nys et al., 2001) are simple tools that help farmers to 
adjust the irrigation calendar to actual weather and water limiting conditions. Irrigation charts are 
designed by means of a soil water balance for specific climatic conditions, crop and soil type, 
and irrigation method, by considering the irrigation requirements for the given conditions and the 
unavoidable water application losses. 
 
 
 
 
 
 
 
 
 
 
Figure 1. Input (Circles) and Output (Squares) fields in the Main Menu of UPFLOW 
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Given the shallowness of the water table in the Maniçoba irrigation perimeter (São Francisco 
Valley, Northeast Brazil), the capillary rise is significant and reduces strongly the irrigation 

requirement. With UPFLOW the capillary rise was estimated for the given environmental 
conditions (Fig. 2) and the results were integrated in the irrigation charts for Mango’s (DIM et al., 
2001).  
Vandersypen (2001) determined by means of gravimetric sampling the soil water content in the 
root zone of Mango between two irrigation applications in the dry season. By considering the 
actual evapotranspiration demand, she was able to derive the soil water balance during the 
irrigation interval (varying from 7 up to 15 days) and to estimate the capillary rise in a Lixisol for 
three different depths of the water table (0.9, 1.20 and 1.50 m). Sampling was repeated at three 
places within a radius of 7 m around the piozemeters recording the depth of the water table. By 
comparing the measured with simulated upward flow, it was concluded that UPFLOW estimated 
correctly the upward flow for those conditions. 
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Figure 2. Expected capillary rise (mm/day) from a shallow water table to the root zone of a 
Mango tree for various depth (m) of the water table below the soil surface in a Lixisol for 
the Maniçoba perimeter in the Northeast of Brazil (from DIM, KULeuven, Cirad, 2001) 
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Water requirements for salt control in rice schemes in the Senegal River delta 
(Senegal) 
In 1990 about 17,500 ha were irrigated in the delta of the Senegal River (SAED, 1993). In most 
schemes irrigated rice is the major crop. When fields are not cultivated, salts are transported to 
the topsoil by capillary rise from the very saline and shallow ground water table. If double or 
single rice cropping is applied, such conditions are valid during 100 up to 200 days. To keep 
during the irrigation season the salinity level in the rice fields below a threshold value, salts have 
to be removed from the fields either by deep percolation (leaching) or by regularly flushing the 
standing water from the fields. In order to estimate the water requirement for salt control in the 
irrigation schemes, input and output of salt were simulated by considering the amount and the 
salinity of water transported to and from the scheme (Raes et al., 1995). Results indicated that if 
the schemes are located on the riverbanks (fondé), flushing at the beginning of the season and 
the percolation losses throughout the season may be sufficient to remove the salts out of the 
root zone. On the less permeable soils in the depressions (hollaldé), extra flushing during the 
irrigation season is required to evacuate enough salts from the fields. In total about 2,300 m3 ha-1 
of water may be needed for flushing. If flushing is not practised, the schemes have to be 
abandoned after a few years of cultivation due to build-up of soil salinity. Several field 
observations during the period 1998-1993 confirm that the simulations and estimates of salt 
deposition in the root zone are in the correct range (Raes et al., 1993; Raes et al., 1995). 
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Conclusions 

In vulnerable irrigation systems, characterized by a shallow and/or saline ground water table, the 
UPFLOW software may well be an interesting tool to estimate the effects of existing or potential 
agricultural practices and/or control measures.  
The upward flow from a water table to the root zone is often not considered when planning 
irrigation. When the water table is shallow, this results in over-irrigation, flushing of valuable 
nutrients out of the root zone and water logging in the perimeter. With a simple tool such as 
UPFLOW, one is able to quickly estimate the expected capillary rise for the given environmental 
conditions and subsequently to adjust the irrigation interval or application depth. 
Dissolved salts from a saline shallow water table move upward by capillary rise and will be 
deposited in the root zone when water is removed by evapotranspiration. To prevent soil 
salinization salts have to be leached or flushed out of the root zone. To calculate the extra water 
requirement for salinity control, all incoming and outgoing fluxes of salt have to be considered. 
With the help of UPFLOW the incoming salts by capillary rise can be quickly estimated. 
UPFLOW is public domain software and hence freely available.  
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