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Abstract: One of the major problems in hydrogeology investigations of arid and semi-arid regions is the
determination of water that contributed to the recharge of the water table. By considering the hydrodynamic
characteristics of the Quaternary aquifers in the Southern sector of the Lake Chad basin, this study has
permitted to obtain a quantitative evaluation of the groundwater resources available in a selected area of about
4000 km . The estimated regulating reserve ranges  between 0.1 to 0.5 x 10  m /year. Monthly and yearly2 9 3

estimation of the water budget, for a period of 16 years, according to the Thornthwaite-Mather method, shows
that the main source of regulating reserve is the August rain. For a dry water year (like 1984), there is no
effective rainfall, while in a year with a favourable rainfall, for example, we could have effective rainfall ranging
between 10 and 15% that could improve the groundwater recharge.
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INTRODUCTION Thornthwaite methods in the study area, the results

The study area located between latitudes 10°30’ and aquifer characteristics and groundwater level
11°30’ N, is the southern part of the Lake Chad basin in observations. The Thornthwaite method gives the
Cameroon (Fig. 1). The Quaternary aquifers are of regional potential recharge, whereas measurements of groundwater
extent; alluvial deposits are the main sources of level fluctuations are indicative of the effects of the real
groundwater. The Quaternary aquifers are the object of recharge. The analysis of net infiltration in a selected area
many solicitations, because of the high demographic in extensive and complex groundwater systems, such as
pressure, the industrial development, the irrigation as well the Lake Chad basin, is a useful tool for the indirect study
as the persistent droughts. The optimal exploitation of the of groundwater flow. The objective of this work is to
groundwater requires a previous knowledge on the improve the knowledge on water reserves and resources
aquifers potentialities. In this region, the groundwater of the Lake Chad basin, as well as the role of present
reserves and resources have never been the object of a precipitations in their renewal.
thorough or systematic evaluation. Water budget
methods can be used to estimate net infiltration in MATERIALS AND METHODS
groundwater systems when direct methods, such as
water-table fluctuation, tracer technique, cannot be In this study, (1) water resources has been estimated
applied  because of the required data which are not from hydrogeological characteristics of aquifers. The
always available [1-4]. The Thornthwaite method has been techniques used are those of Plotnikov [5] and Castany
applied because of its low data requirements (only [6]. (2) Effective rainfall, the amount of water that
average monthly temperature data and monthly rainfall percolates downward in the unsaturated zone toward the
data). In order to evaluate the performance of the water table, after subtracting the portions of water that are

obtained  were  compared with the result, including
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subject to runoff, evapotranspiration and soil storage, is Groundwater exploitable resource: The quantity of water
estimated based on the Thornthwaite [7] equation and a extracted directly from the Quaternary aquifers by wells
monthly soil-water budget that is based on the and boreholes or by gravity is partly known because of
Thornthwaite-Mather [8] method. The balance sheet was many reasons: the under exploitation of boreholes as a
calculated monthly for a 16 year period (1970 to 1985), result of mechanical breakdown and the human energy
from the monthly rain (P, in mm), the potential required for their use, the lack of information on the exact
evapotranspiration of the month (ETP-Thornthwaite, in volume of water pumped annually. We indirectly
mm) and the soil water storage (RFU, in mm). In arid or estimated the current exploitation of groundwater or the
semi-arid zone, the empiric equations frequently used for total drinking water of the population, by considering the
the calculation of the ETP are those of Turc, Penman, average consumption per head and the data from the
Bouchet and Thornthwaite. The Penman formula second national census of 1987 published in 1991.
integrates parameters that are not very often available in Considering that the study area includes 300000
Sahelian zones [6]. The Bouchet formula requires the inhabitants and that 40 litre per day per inhabitant are
knowledge of components of which we did not arrange. pumped from the groundwater, then a discharge of about
The Turc formula has been used by Olivry [10], at 4.5×10  m /year is obtained, thus a fictitious discharge of
Maroua, the same centre taken in account in this survey. exploitation of about 140 l s . Since this estimation does
The calculation of ETP has been done from a ten year not take in account the needs of animals and irrigation,
chronological data (1980-1989). This decade is the almost with regard to regulating reserves, the exploitation
complete period with data. From a meteorological point of discharge is still very small and signifies that the
view, there is a dry (1983-1984) and humid (1988-1989) Quaternary aquifers include a significant storage effect.
year alternation which could permit us to verify water
table reactions in all conditions. In the Sahelian zone of Rate and time of renewal: The renewal rate is the ratio of
Senegal 125 mm is the RFU used value for a DIOR soil the mean annual water supply of a water table expressed
[11]. In our study zone the value of 100 mm is adopted in volume to the mean total reserve of the aquifer. Then,
with reference to Seiny-Boukar et al. [12]. The the renewal time is the time which is theoretically
Thornthwaite method is being widely applied in the Sahel necessary for the cumulative volume of the water table
region. It’s run into the problem of the time step [13]. A supply to be equal to the mean total reserve. In this work,
yearly time step in area of low rainfall involves a water the mean total reserve could be estimated simply by
budget with an exaggerated deficit, which does not take adding the permanent reserves to the regulating reserves.
into account the isolated intense rain effect. Conversely, We therefore obtain a mean total reserve of 1.0 to 2.3×10
a too short step, for example daily, neglects the hydric m . If we consider that the mean annual supply of the
transfer inertia and involves in this fact a too excessive groundwater is equivalent to the regulating reserve, then
water budget. we have a renewal rate of 10 to 20% and a renewal time of

RESULTS AND DISCUSSIONS

Evaluation of water resources from hydrogeological Mather method: The Thornthwaite and Mather water
characteristics of aquifers: The main results are budget is a simple and frenquently applicable tool to
summarized in Table 1. estimate  surpluses  of  water, which are not stored in the

6 3

1

9

3

4 to 10 years.

Evaluation of the effective rainfall by Thornthwaite-

Table 1: Regulating reserves (Vr), permanent reserves (Vp) and effective infiltration (Ie)

Parameters evaluated Formula Legend and value Results

Regulating reserves Vr = A× h×n A = surface of the study area. It is about 4000 km  (4.10  m ) 0.1 to 0.5x10  m /yeare
2 9 2 9 3

h = mean variation (0.5 to 1.5 m) of the piezometric level (Fig. 2)

n  = effective porosity (5 to 8%)e

Permanent reserves Vp = A×hp×n , hp = thickness of aquifer not affected by the fluctuation of 0.9 to 1.8x10  me
9 3

with the water table (Fig. 2)

hp = H- h H = mean thickness of aquifers layers = 6 m

Effective infiltration Ie = h.n  = Vr/A 25 to 125 mm/yeare
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Fig. 1: Location of the study area

Fig. 2: Distribution of the main reserves and resources in a free surface water table
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Table 2: Thornthwaite water  budget:  annual  data  at  Maroua Salack
(1970-1985). The value of the soil water storage has been
estimated to 100 mm. (P, Monthly rainfall; ETP, Thornthwaite
monthly potential evapotranspiration; ETR, Monthly actual
evapotranspiration; PE, Monthly effective rainfall; D, deficit)

Year P (mm) ETP (mm) ETR (mm) PE (mm) D (mm)

1970 834.5 1973.0 635.5 199.0 924.6
1971 599.5 1973.0 552.1 47.4 1155.6
1972 852.1 1973.0 813.5 38.6 914.9
1973 705.2 1973.0 645.8 59.4 1009.3
1974 745.8 1973.0 611.9 133.9 960.7
1975 868.2 1973.0 684.1 184.1 794.8
1976 1078.6 1973.0 826.9 252.1 533.9
1977 774.5 1973.0 696.0 78.5 989.7
1978 966.9 1973.0 764.3 202.6 752.1
1979 739.7 1973.0 641.3 98.4 1014.8
1980 796.3 2210.6 669.4 126.9 1170.8
1981 784.3 2150.3 451.1 187.4 1174.9
1982 817.5 2092.8 781.8 35.7 1061.8
1983 899.4 2227.0 500.4 399.0 1172.4
1984 686.9 2210.2 677.9 0.0 1530.0
1985 622.0 2184.9 600.6 20.1 1385.7

soil profile [4]. According to Scozzafava and Tallini [2].
The Thornthwaite-Mather method is one of the most
suitable for detailed computation of monthly and annual
water budgets. The mean monthly ETP distribution is
bimodal (Fig. 3): there was a peak in April (end of low
water) and another one in October (end of wet season).
Apart from some monthly variations, the interannual
values of the ETP remain noticeably the same. Higher
mean monthly values were observed in the dry season
(maximum temperatures) while the low values correspond
to the wet season. These results are relatively close to
those obtained by Olivry [10], using Turc formula, in the
same centre.

On a yearly scale, the same report has been made by
Tandia [11] in the setting of the comparison of the ETP
results according to Turc, Thornthwaite and Bouchet
methods at the Louga station in Senegal. The
Thornthwaite water budget principle is based on two
cases: first, p>ETP, there is reconstitution of soil reserves
until saturation; the surplus represents the superficial or
groundwater flow. Secondly, p<ETP, it pumps from the
soil reserves. When the stock is null, the evaporation will
equal the rainfall. We will have a deficit that corresponds
to the quantity of water that would be necessary to add to
the ETR to obtain the ETP (ETR is always lower or equal
to ETP).

The calculation starts at the end of low water (April),
beginning of the water year where the RFU is considered
as zero. Groundwater and surface water are down to the

minimum. Figure 4 summarises the process of calculation
of the balance sheet. Between November and June, the
rainfall is generally lower than ETP. The actual
evapotranspiration (ETR) and the Precipitation (P) are
well-balanced; thus the water stock in the soils is null. In
July, ETR is equals to ETP. The excess rains permit the
soil to initiate the reconstitution of its reserve. In August,
the ETR remains equals to the ETP. It is the first month
during which the rainfall amount is higher than the ETP:
actually it is the first month of the groundwater recharge.
The high rainfall saturates the soil and then provokes
percolation of water; it is the effective rainfall. The rainfall
of the month of August is that which reconstitutes the
main part of regulating reserve (Fig. 5).

We notice a clear variation of the effective rainfall
from one year to the other. In September, P becomes lower
than the ETP. The ETR consumes a part of the water
reserve of the soil, which becomes completely exhausted
in October, the month when the strong deficit in supply
starts. Apart from the months of July, August and in
several cases September, the ETP is clearly higher than
the mean upper monthly values of precipitation. All the
years showed a deficit with regards to annual
precipitation. With the exception of the year 1984, the
other years and particularly the year 1983, registered
effective rainfall that improved the recharge in the
groundwater. Table 2 displays the results obtained in the
study area. The values of effective rainfall obtained are
close to those of other countries of the soudano-sahelian
zone [14].

Limits of applications of the Thornthwaite method: The
evaluation of the effective rainfall does not permit a
precise estimation of the recharge. The Thornthwaite
method [7] obtains the excess water (recharge) but does
not allow for considering whether the aquifer has the
ability to drain such water excess [1]. Moreover, the
Thornthwaite model does not make a report on the
duration of response between the beginning of
appearance of effective rainfall and the reaction of the
water table, as well as the return by evaporation of a part
of water of percolation. Gaye [15] indicated that the
imprecision on the recharge does not permit the use of
those results for planification purposes of the
groundwater resources exploitation. In Order to validate
the Thornthwaite method, calculations of net infiltration
should be contrasted with other methodologies to
estimate direct recharge to the phreatic aquifers [4].

The terms of balance sheet are accessible only by
empirical methods. The estimation of the quantity of water
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Fig. 3: Monthly distribution of ETP values at MarouaSalack (1980-1989)

Fig. 4: Different cases of the Thornthwaite water budget calculations at the Maroua Salak weather centre. 1: 
October to June, 2: July, 3: August, 4: September to November

0

100

200

300

400

500

600

700

Month for the period of 1970 to 1985

P ETR PE

Fig. 5: Monthly variation of water budget parameters at Maroua Salack (1970-1985)
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evapotranspired is delicate [16]. The calculation of the runoff (RO). To distinguish the two contributions, the
ETP takes into consideration only the air temperature. The following process was adopted [2]: (1) runoff (RO) is
sunshine, the wind and the saturation deficit have been determined with the US Soil Conservation Service curve-
neglected. Therefore, in the arid or semi-arid zones, the number SCS-CN method; (2) the RO value so obtained is
radiation provides a big part of energy necessary for subtracted from total rainfall (P) and (3) the water budget
evaporation. Brochet and Gerbier [17] remarked that the is computed on the basis of a fictitious rainfall walue (PI)
wind facilitates the turbulent diffusion of water vapour, in which is equal to P-RO. PI is the percentage of water
the entire atmosphere, from punctual sources (stomata). available for net infiltration and for actual
In  spite of  having been deemed to produce errors as evapotranspiration, determined with the Thornthwaite
large  as  50%  (Jensen,  1973  in  Varni  and Usunoff [1]), formula. The results obtained from the modified
the  Thornthwaite  equation  is  regularly  used to Thornthwaite method integrated with the CN method, are
estimate evapotranspiration because of its low data considered to be satisfactory [2, 4].
requirements [2, 4].

The Thornthwaite model overestimates the CONCLUSION
possibility of the use of the soil water storage by
evapotranspiration.   In    fact,   this   method  assumes In spite of some insufficiency, this study has shown
that   the   actual  evapotranspiration   equals   potential that the Thornthwaite method remains effective in
evapotranspiration,  up  to  when the RFU becomes semiarid area and enables to obtain comparable results.
empty. Therefore, before the RFU becomes empty, the Results indicate that a good coincidence exists between
plant suffers from water stress and decreases its the Thornthwaite values and those of regulating reserves
evapotranspiration. The resulting effect is that, if the part obtained from the hydrodynamic characteristics of the
of the RFU is still under water decrease, the plant will not Quaternary aquifers. The regulating reserve gives a figure
evaporate all the ETP, but a reduced part. of 0.1 to 0.5×10  m /year, representing an effective

The  effective   rainfall   exists   only  when  the infiltration of about 25 to 125 mm/year. A detailed analysis
actual  evapotranspiration  equals  the  potential of a 16 year period of the water balance sheet by the
evapotranspiration that is when the upper limit of Thornthwaite method shows that all years suffer an
precipitation is higher than the ETP. In effect, the ETR has annual precipitation deficit. However, during the months
a lower limit, which depends on the amount of water of July, August and September in general (and the month
stored in the soil. In turn, evapotranspiration is a complex of August in particular), we recorded effective rainfall that
phenomenon that does not only result from physical improves groundwater recharge.
processes such as the soil effective potential, the changes The insufficiency observed in the application of the
of water status, the molecular diffusion or turbulent water Thornthwaite method requires complementary studies. In
vapour, but, according to Brochet and Gerbier [17], could order to validate these results, this approach will be
also be subjected to biological incidences processes such monitored in the future, by studies based on the chemical
as stomatal regulation, foliar surface or radical and isotopic properties of rainwater and interstitial waters
development. of the unsaturated zone.

The arid and semi-arid zones are characterised by a
deficit in precipitation with regards to the ETP during a REFERENCES
long period of the year. In this context, a calculation of the
annual balance sheet gives a null recharge, while the 1. Varni, R.M. and J.E. Usunoff, 1999. Simulation of
negative difference between the two terms does not regional-scale groundwater flow in the Azul river
represent of course (because of the step time) the actual basin. Buenos Aires Province, Argentina. Hydrogeol.
balance sheet of water [16, 18]. The Thornthwaite J., 7: 180-187.
equation should be use with caution. In terms of 2. Scozzafava, M. and M. Tallini, 2001. Net infiltration in
groundwater recharge, such an equation provides a the Gran Sasso massif of central Italy using the
potential (i.e., maximum) estimate, thus leading to errors in Thornthwaite water budget and curve-number
the overall water balance for the region [1]. method. Hydrogeol. J., 9: 461-475.

In the Thornthwaite method, the total water surplus 3. Scanlon, B., R. Healy and P. Cook, 2002. Chossing
in the soil (SU) refers to all the excess water that flows out appropriate techniques for quantifying groundwater
from the soil, without discriminating net infiltration from recharge. Hydrogeoly J., 10: 18-39.

9 3



World Appl. Sci. J., 2 (2): 125-131, 2007

131

4. Zimmermann, E., 2006. Bayesian approach to daily 13. Eberschweiler, Ch., 1993. Suivi et gestion des
rainfall modelling to estimate monthly net infiltration ressources  en eaux souterraines dans le bassin du
using the Thornthwaite water budget and curve lac Tchad. Prémodélisation des systèmes aquifères,
number methods. Hydrogeol. J., 14: 648-656. évaluation des ressources et simulations

5. Plotnikov, N.A., 1962 Ressources en eaux d’exploitation. Rapport intermédiaire n°2,
souterraines : Classification et méthodes BRGM/CBLT, R 35985.
d'évaluation. Traduit sous l'égide de l'UNESCO par 14. Eskenazi, E., 1991. Bilan hydrique de la rivière Comoé
Madame M. Laronde, Gauthier-Villars et Cie, Paris VI. en amont de Karfiguela au Burkina Faso. Application

6. Castany, G., 1982. Principes et méthodes de au dimensionnement d’un barrage réservoir pour
l’hydrogéologie, Bordas, Paris, pp: 237. l’irrigation. In: Utilisation Rationnelle de l’eau des

7. Thornthwaite, C.W., 1948. An approach toward a petits bassins versants en zone aride , Ed. AUPEL-
rational classification of climate. Geol. Rev., 38: 55-94. UREF. John Libbey Eurotext. Paris, pp: 139-153.

8. Thornthwaite, C.W. and J.R. Mather, 1957. 15. Gaye, C.B., 1990. Etude isotopique et géochimique du
Instructions and tables for computing the potential mode de recharge par les pluies et de décharge
evapotraspiration and the water balance, Publications évaporatoire des aquifères libres sous climat semi-
in Climatology, Laboratory of Climatology, Drexel aride au Nord du sénégal. Thèse de Doctorat d’Etat,
Institute of Technology, Centerton, New Jersey, Université Cheikh Anta Diop de Dakar, Sénégal. 
USA, 10: 183-311. 16. El-Ouali, A., J. Mudry, P. Chauve, J. Mania, A.

9. FAO, 1975. Production végétale et protection des Essahlaoui, M. Marzouk and L. et Eddahby, 2000.
plantes. Surveillance agrométéorologique pour la Alimentation d’aquifères profonds de bassins
prévision des récoltes, N°117. sédimentaires de piémont des zones arides par leurs

10. Olivry, J.C., 1986. Fleuve et rivières du Cameroun. reliefs bordiers : Cas des aquifères crétacés du bassin
Collection Monographie hydrologiques ORSTOM , d’Errachidia (Maroc). Africa Geosciences Review, 7:
9, Paris, 733 p + 2 cartes hors texte. 371-381.

11. Tandia, A.A., 1990. Revue critique des méthodes 17. Brochet, P. and N. Gerbier, 1974.
d’évaluation de la recharge des nappes. Contribution L'évapotranspiration. Aspect agrométéorologique.
de l’approche géochimique et isotopique. Louga- Evaluation pratique de l'évapotranspiration
Nord Sénégal. Thèse Doctorat 3  cycle, Université potentielle. Monographie, n°65 de la météorologieème

Cheikh Anta Diop de Dakar, Sénégal, pp: 138. nationale, Paris, pp: 96.
12. Seiny-Boukar, L., Ch. Floret, Moukouri, H. Kuoh and 18. Simmers, I., J.M.H. Hendrickx, G.P. Kruseman and

R. Pontanier, 1991. Dégradation des vertisols dans le K.R. Rushton, 1997. Recharge of Phreatic Aquifers in
Nord-Cameroun: Modification du régime hydrique (Semi-) Arid Areas. International Association of
des terres et tentatives de réhabilitation. In: Hydrogeologists  (19), A.  A.  Balkema Rotterdam,
Utilisation Rationnelle de l’eau des petits bassins pp: 277.

versants en zone aride , Ed. AUPEL-UREF. John
Libbey Eurotext. Paris, pp: 287-294.


