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INTRODUCTION 

Within the framework of the technical cooperation project “Management, Protection and Sus-
tainable Use of Groundwater and Soil Resources” between the Arab Center for Studies in Arid 
Zones and Dry Lands (ACSAD, Damascus/Syria) and the Federal Institute for Geosciences and 
Natural Resources (BGR, Hannover/Germany) a Decision Support System (DSS) for water re-
sources management was developed and applied in two pilot areas, the Zabadani Basin in Syria 
and the Berechid Basin in Morocco (Droubi et al., 2008). The DSS has been built by the combina-
tion and linkage of three components, a project database, a groundwater flow model (MOD-
FLOW2000; Harbaugh et al., 2000) and a user-friendly water evaluation and planning software 
(WEAP; Stockholm Environment Institute 2005). For running the MODFLOW model water flows 
from soil to groundwater have to be determined because the percolation rate from the soil acts 
as one of the main input variables. 

On a regional scale reliable estimates for annual values or long term means of the percolation 
rate from the soil are needed for quantitative water resources management. Conventionally 
precise information about movement of water in the unsaturated zone can only be obtained 
from lysimeter data, soil-hydrological measurements or process-based simulation models such 
as SWAP (Kroes et al., 2003). To avoid high costs of field measurements and limitations in the 
availability of model input parameters robust methods such as empirical equations and nomo-
grams are needed. To characterize this kind of approaches Wessolek et al. (2008) use the term 
"hydro-pedotransfer functions" (HPTFs). They are based only on input variables that can be 
determined easily or are available from existing databases. 

Exemplary for Germany HPTFs to predict long term means of the percolation rate from soil 
were developed by Wessolek et al. (2008). The authors used a simulation model of the soil 
water balance to calculate actual evapotranspiration and percolation for different climatic re-
gions, soils and land use classes. The spectrum of site variations included four soils with differ-
ent water storage capacities, six groundwater levels, sixteen climate stations whose climate 
parameter values can be viewed as representative of the climate regions of Germany, and four 
land use types [cropland (with the typical succession of grain and root crops), grassland, conif-
erous forest, and deciduous forest]. These conditions resulted in simulation runs for 57,600 
years on a daily basis. The results of all the scenarios were analyzed by multiple regression 
statistics and equations were derived, from which reliable estimates of the target variable can 
be calculated. These HPTFs were used to compile a nationwide map of the annual percolation 
rate from the soil within the framework of the new Hydrological Atlas of Germany (HAD) (BMU 
1998, 2001, 2003). A goal of this investigation is to adapt this methodology to semi-arid climatic 
conditions so similar results can be obtained for locations in a Mediterranean environment. 

MATERIALS AND METHODS 

The same methodology as described above was used to develop similar nomograms or empiri-
cal equations for countries of the Arab region. For simulating the soil water balance the CROP-
WAT model (Clarke et al., 1998) was used. CROPWAT is a decision support system developed by 
the Land and Water Development Division of FAO for planning and management of irrigation. 
CROPWAT is meant as a practical tool to carry out standard calculations for reference evapo-
transpiration, crop water requirements and crop irrigation requirements. Additionally CROP-
WAT offers plant physiological coefficients for 36 agricultural crops (crop coefficient Kc, rooting 
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depth, depletion fraction, and yield response factor). All calculations are based on a daily soil 
water balance using various options for water supply and irrigation management conditions. 
From the soil scientist’s perspective percolation beyond the lower boundary of the root zone 
equals groundwater recharge. 

The CROPWAT software as well as the CLIMWAT database is available from the FAO homepage 
via download. CLIMWAT 2.0 offers observed agroclimatic data of over 5000 stations distributed 
all over the world. CLIMWAT provides long-term monthly mean values of seven climatic para-
meters as required for CROPWAT applications. For this investigation data from 188 meteoro-
logical stations from eight Arabic countries (Morocco, Algeria, Tunesia, Libya, Egypt, Jordan, 
Lebanon, Syria) were used. Typical kinds of land use of the Mediterranean environment were 
taken into consideration. Five soils were compared, varying in the total available water capacity 
of the uppermost meter (40, 80, 120, 160, 200 mm). For all simulation runs a fixed amount of 
surface runoff is assumed, i.e. precipation in Fig. 1–2 means effective precipitation or net input. 

 
Figure 1. Annual percolation rate as a function of annual precipitation for land use type “winter wheat“ and 
derived regression function. 

First approach: preliminary pedotransfer functions derived from CROPWAT results 
for three kinds of land use under natural conditions 

In Table 1 results for three kinds of land use (winter wheat, citrus trees, pastureland) are com-
pared, and only natural conditions without irrigation are taken into consideration. 

In order to predict mean annual percolation rates by HPTFs linear models based on precipitation 
and available water capacities are adequate. Based on the correlation coefficients in Table 1, the 
accuracy of these HPTFs is generally high. Accuracy in this context refers to correspondence 
between simulation model and pedotransfer function. Highly precise estimates of the target 
variable can be obtained on the basis of easily available soil, crop and climate information. No-
mograms were developed for specific crops and varying soil properties and for specific locations 
and varying kinds of land use. An exemplary visualization of such a model and the derived re-
gression equation is given in Figure 1. In the case shown, groundwater recharge from percolating 
water does not take place if effective precipitation is below a threshold of ≈ 300 mm. 
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Table 1. General conditions and summarized results of the first case study. 

Land use type Area Target 
variable 

Database Statistically significant 
input variables 

Correlation 
coefficient 

Pastureland 8 countries ETact n = 940 Prec, awc r2 = 0.929 
  GWR n = 495 Prec, ETpot, awc r2 = 0.930 
Winter wheat 8 countries ETact n = 940 Prec, awc r2 = 0.912 
  GWR n = 555 Prec, awc r2 = 0.939 
 Syria ETact n = 220 Prec, ETpot, awc r2 = 0.919 
  GWR n = 185 Prec, awc r2 = 0.968 
Citrus trees 8 countries ETact n = 940 Prec, awc r2 = 0.922 
  GWR n = 490 Prec, awc r2 = 0.932 
 Syria ETact n = 220 Prec, ETpot, awc r2 = 0.925 
  GWR n = 170 Prec, awc r2 = 0.960 
(ETact: actual evapotranspiration; GWR: groundwater recharge; Prec: precipitation; ETpot: potential 
evapotranspiration; Irrig: irrigation; awc: soil available water capacity) 

Advanced approach: pedotransfer functions derived from model simulations 
based on the dual crop coefficient concept 

The CROPWAT model applied in the first case study is based on the single crop coefficient con-
cept, where differences in the crop canopy and aerodynamic resistance relative to the reference 
crop of the FAO Penman Montheith method are accounted for within the crop coefficient Kc. 
The Kc coefficient serves as lumped parameter for the physical and physiological differences 
between crops. Kc integrates the relationships between evapotranspiration of the crop and the 
reference surface and summarizes all factors influencing evaporation and transpiration. There-
fore CROPWAT’s use is restricted to the period of growth. In a second, more sophisticated ap-
proach Kc is split into two factors that separately describe the evaporation (Ke) and transpira-
tion (Kcb) components. All relevant algorithms were published as part of the FAO Irrigation and 
Drainage Paper No. 56 “Crop Evapotranspiration” (Allen et al., 1998). Within the framework of 
the second case study the dual crop coefficient concept was applied to improve derived pedo-
transfer functions. In particular the following modifications were implemented: 

 the dual crop coefficient concept was applied to calculate evaporation from bare soil before 
and after the period of growth and within its initial phase, 

 the spectrum of typical Mediterranean crops was extended to olive trees and vegetables, 

 CROPWAT-internal parameter settings were substituted by region-specific plant coefficients, 
 the effects of irrigation were taken into account; generally irrigation up to maximum de-

mand without yield reduction was simulated, 
 expert knowledge about region-specific agricultural practices (sowing dates, irrigation 

practices, ...) was incorporated. 

The second case study is restricted to Syria (44 meteorological stations) and includes six land 
use scenarios. Three crops under rainfed agriculture (wheat, barley, olives) are compared with 
three crops under irrigation (wheat, citrus trees, peas as an example for small vegetables). 
Based on the correlation coefficients in Table 2, mean annual percolation rates can be predicted 
by HPTFs very precisely. 
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Table 2. General conditions and summarized results of the second case study. 

Land use type Length of 
growing 
season 

Sowing/ 
planting 

date 

Period of 
potential 

evaporation 

Statistically significant 
input variables for esti-

mating GWR 

Correlation 
coefficient 

Winter wheat 240 days 1st Nov 155 days Prec, awc r2 = 0.957 
- no irrigation -      
Barley 160 days 1st Dec 225 days Prec, awc r2 = 0.967 
- no irrigation -      
Olives 270 days 1st Mar 125 days Prec, awc r2 = 0.951 
- no irrigation -      
Winter wheat 240 days 1st Nov 160 days Prec, ETpot, Irrig r2 = 0.989 
under irrigation      
Citrus trees 365 days (whole 60 days Prec, ETpot, r2 = 0.957 
under irrigation  year)  Irrig, awc  
Vegetables 100 days 1st Apr 285 days Prec, ETpot, r2 = 0.999 
under irrigation    Irrig, awc  

(Prec: mean annual precipitation; ETpot: mean annual potential evapotranspiration; Irrig: irrigation; GWR: 
groundwater recharge; awc: soil available water capacity). 

Regression models for rainfed cropping use only precipitation and soil available water capacity 
as independent variables while regression models for irrigated agriculture additionally inte-
grate information on potential evapotranspiration. Outside desert areas in eastern parts of the 
country, the negative correlation between precipitation and potential evapotranspiration in 
Syria is not very strong; areas with high rainfall can be characterized by low evapotranspiration 
rates in the Antilebanon mountains as well as by high evapotranspiration rates on western 
slopes of the coastal range. For that reason estimated groundwater recharge as a function of 
precipitation only shows more variation under irrigated conditions. The distinction between 
rainfed and irrigated agriculture can also be found in Fig. 2: thresholds for the beginning of 
groundwater recharge in terms of annual precipitation are generally higher for non-irrigated 
crops than for crops that depend on irrigation in summer. 

 
Figure 2. Minimum annual precipitation necessary for groundwater recharge for six agricultural crops in 
case of moderate soil available water capacity. 
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Another influencing factor is the crop itself: transpiration losses by crops with shallow rooting 
depths and short vegetation periods such as small vegetables are low in comparison to peren-
nial crops with deep root zones such as olives. Against this background the following order of 
mean annual groundwater recharge under standardized conditions along land use types can be 
derived from model simulations: olive trees < wheat < barley < irrigated citrus trees < irrigated 
wheat < irrigated vegetables. (Hydro-) pedotransfer functions that require only easily available 
soil, crop and climate information as presented here can serve as a useful tool to provide reli-
able estimates of the groundwater recharge rate for most of typical land use types in Syria. 

OUTLOOK/NEED FOR ACTION 

Simulation results of the soil water balance following the dual crop coefficient concept were 
validated on the basis of measurement results from single test sites in southern Syria and Tuni-
sia (Jabloun et al., 2008). By interpreting results from (hydro-) pedotransfer functions up to 
now some limitations have to be noted: 

 The amount of surface runoff has to be known and was neither simulated by models nor 
empirically estimated. 

 Results are not valid for groundwater affected soils with shallow water tables and capillary 
rise towards the root zone. 

 Results are based only on long-term monthly mean values of agroclimatic data. 
 All (hydro-) pedotransfer functions have to be furthermore validated on the basis of avail-

able measurements from test sites. 
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