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Hydrology of the HAPEX-Sahel Central Super-Site: surface water drainage and aquifer recharge through the pool systems J.C. Desconnets a'*, J.D. Taupin b, T. Lebel c, C. Leduc a aORSTOM, Laboratoire d'hydrologie, BP 5045, 34032 Montpellier Cedex 1, France bORSTOM, Groupe PRAO, BP 11416, Niamey, Niger CORSTOM/LTHE, Groupe PRAO, BP 53, 38041 Grenoble Cedex 9, France



Abstract



The hydrology of the Sahel is characterised by the degradation of the drainage network, resulting in the lack of large watersheds over which the spatial integration of the hydrological processes could be studied. The main hydrological units are small endoreic areas, measuring a few hectares to a few square kilometres and the surface runoff is collected into pools. A detailed investigation of the role of these pools in the hydrology of the HAPEX-Sahel Central Super-Site was carried out from 1991 to 1993. The first results of this investigation are presented. A typology in three classes of the endoreic systems (valley bottoms; sinks; plateaux) is proposed. The behaviour of one representative pool in each class is analysed, showing that the partition between evaporation and deep infiltration depends on the level of filling of the pools. The bottom of the pool is clogged by clay deposits, which prevent infiltration. Above a threshold varying between 1 and 2 m most of the water stored in the pool after runoff infiltrates, contributing to the recharge of the aquifers. On a seasonal basis, deep infiltration accounts for less than 50% of the water collected by the plateau pool, and more than 80% for the valley bottom pools. Almost all the water running off to the sink pools infiltrates rapidly and deeply into the ground. The valley pools (both valley bottoms and sinks) appear to be the major contributors to the recharge of the upper aquifer. The proportion of the HAPEX-Sahel Central Super-Site water balance that is taken by the deep infiltration from the pools varies greatly depending on the temporal distribution of rainfall. Whereas similar seasonal rainfalls were recorded in 1991 and 1992, it is estimated that 5% of the water precipitate d over the valley pool watershed infiltrated towards the aquifer in 1991 and 20% in 1992. This difference is explained by a very irregular time distribution of precipitation in 1992, most of the major rainfall events being observed over a short period during the intensive observation period. In conclusion some preliminary figures are given regarding the importance of recharge from the pools as compared with in situ recharge.
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1. Introduction



The HAPEX-Sahel study area, and more generally the Sahel as a whole, is characterised by an almost permanent water deficit (the precipitation exceeds the potential evapotranspiration only during the month of August) and by a fiat landscape, resulting from 100 000 years of erosion. During the dry season, which lasts on average from mid-October to midApril, the predominant winds (Harmatan) blow from the Sahara desert, transporting large quantities of dust. Locally these winds also move the sand, forming dunes and favouring the blocking of the valley bottoms. The combination of these climatic factors and surface conditions leads to a marked degradation of the drainage network. The surface runoff is extremely intermittent, both in space and time. The lack of large functional watersheds, which would allow for hydrological studies based on spatial integration, is striking. This is especially true for the part of the study area located on the left bank of the Niger River. Over this 7000-km 2 area, the proportion of the yearly precipitation reaching the Niger is of the order of 1-2%. This does not mean that important local runoff is never observed. Peugeot (1995) has observed runoff coefficients of up to 75% at the outlet of runoff plots covering 130 m 2 on the lateritic plateaux. In fact the surface runoff is collected into gullies before spreading into flat sandy areas or reaching small pools formed by the blocking of the pathways into the valley bottoms by sandy deposits. Typically, the topographical watershed of these pools is of the order of 1 km 2. Exceptionally, it may reach 10 km 2. On the lateritic plateaux, pools are also found, but their watershed is smaller (of the order of a few hectares). The surface hydrology of the Sahel is thus the juxtaposition of hundreds of small endoreic hydrologic systems rarely, if ever, connected to each other, at least in the present climatic conditions. This poses an especially tough problem for the hydrologic component of HAPEX-Sahel. One of the few things hydrologists and atmosphere physicists would easily agree upon is the requirement for any water balance model to calculate a reasonably accurate estimate of the surface runoff component over GCM mesh-size areas. Stating that this component is close to zero at the scale of a 1° square in the Sahel does not help very much the validation usually based on the runoff of one or two large rivers (such as was possible in HAPEX-MOBILHY; Girard, 1984). Most of the upscaling methods used in hydrology have thus to be reconsidered in the light of this particular environment. The only reliable integrators of hydrological processes are the pools, but their functioning has been little studied before the setting up of HAPEXSahel. Previous research in this climatic zone concentrated mainly on large water bodies such as Lake Chad (Vuillaume, 1981), Lac de Bam (Ibiza, 1972; Pouyaud, 1986) or Mare d'Oursi (Chevallier et al., 1985). Beyond research on local runoff, which is presented in this issue by Peugeot et al. (1997), the major challenge of the surface hydrology in HAPEX-Sahel was thus to understand how the pools intervene in the Sahelian water cycle, and how their monitoring could help in computing and modelling the water balance of these regions. A survey of the pools was thus designed using an experimental setup which is presented in Section 2 below. In the following sections, the various mechanisms intervening in the hydrology of the pools are studied: surface runoff reaching the pools (Section 3), infiltration and evaporation (Section 4). It is then shown that the pools play an important role in the recharge of the phreatic aquifers (Section 5). Finally, the prospects of
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using the pool monitoring for computing the water budget over large areas in the Sahel are presented (Section 6).



2. Experimental setup 2. I. The Central Site hydrologic survey



A study area (hereafter referred to as the PSA: pool study area) of 600 km 2 has been selected (Fig. 1). It includes the East Central Super-Site (ECSS) and a large portion of the West Central Super-Site (WCSS) (see Goutorbe et al., 1994, and Goutorbe et al., 1997, for a description of these sites). This zone is sufficiently large to include the major components of the hydrologic landscape in proportions similar to those holding for the HAPEXSahel degree square on the left bank of the Niger river. A preliminary survey carried out after the 1990 rainy season produced an inventory of 40 pools over the PSA. A complementary aerial survey, performed during the 1991 rainy season, led to the detection of another 20 pools or so, which had escaped the first inventory because of their quick drying out (Desconnets et al., 1995). It was then decided to monitor a dozen pools, as part of the HAPEX-Sahel long-term monitoring period (1991-1993). These are a representative sample of the PSA endoreic watersheds. Observations made during the 1991 rainy season identified three basic hydrologic units: (i) plateau pools; (ii) valley bottom pools, installed in the sandy bed of old valleys; (iii) 'sink' pools, so called due to their very rapid drying out (the small watersheds connected directly to the Niger river represent less than 5% of the PSA and were thus not considered). Among the 15 pools initially chosen (their precise coordinates and periods of measurements can be found in Desconnets et al., 1995), 12 were monitored extensively in 1992 and 1993. One of them (Massi Koubou), equipped with a level recorder, does not belong to the PSA. It is located in the northern part of the 1° square (13°50.31'N, 2°24.56'E) and was selected to compare the influence of the rainfall variability on the hydrologic regime of the pools. The locations of the remaining 11 pools belonging to the PSA are given in Fig. 2. In
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Fig. 1. The HAPEX-Sahelpool studyarea (PSA).
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Fig. 2. The main pools of the PSA.



addition to Massi Koubou, four pools were equipped with static memory level recorders, allowing the water level variations to be monitored with an accuracy of 1 cm. The other pools were equipped with staff and crest gauges, readings being taken once a week during the period extending from their first flooding until their drying out. This means a period of between 4 and 9 months, depending on the starting of the rainy season and on the regime of the pool under consideration. Other measurements taken as part of the hydrologic study of the Central Super-Site (CSS) include rainfall (Lebel et al., 1995), water sampling for chemical and isotopic analysis, pan evaporation measurements, aerial photographic survey (for a detailed overview see Desconnets et al., 1995). In addition extensive monitoring of the phreatic aquifer was carried out over the 1° x 1° square (Leduc et al., 1997) and, finally, one site (Wankama) was equipped with neutron probe access tubes. Another important component of the field work carried out between 1991 and 1994 is related to the characterisation of the topographic, pedologic and vegetation environment of the instrumented pool sites, all of which are described in Desconnets (1994). 2.2. The reference pools



In this paper we will concentrate on three reference pools equipped with level recorders, each representing one of the three main hydrologic units of the area. The coordinates and
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Table I Measurement periods of the reference pools Name



Latitude



Longitude



Location



Gauge



Measurement



period Bazanga a Wankama ~ Sama Dey ~ Banizoumbou a Maourey



13030'35" 13039'00 " 13°35'12 " 13032'00" 13°38' 12"



2°35'11 " 2°38'91" 2042'07" 2°39'73" 2039 ' 15"



Plateau Dry valley Sink Dry valley Dry valley



Level recorder Level recorder Level recorder Staff gauge Staff gauge



1991-1993 1991-1993 1992-1993 1992-1993 1992-1993



a For these pools the monitoring was continued in 1994.



periods of operation of these sites are given in Table 1, along with those of two others, the data of which are used in Section 5. Plateau pools, such as Bazanga, are situated on a very fiat terrain. Their watershed never exceeds 1 km 2 (0.35 for Bazanga), but the exact area is difficult to determine and may change from one flood to another. The vegetation of the plateaux is a sparse coverage of trees arranged in strips and forming the so-called tiger bush. The maximum extension of the pool itself is of the order of a few tens of thousands of square metres corresponding to a storage volume smaller than 10000 m 3 in the case of Bazanga. The bed of the pool is rather flat (Fig. 3). The central part of the pool, which is permanently inundated during the rainy season, is clogged with clay, whereas the peripheral zone is mostly sandy, with a decreasing amount of clay when moving away from the centre. Valley bottom pools, such as Wankama, are situated in the bottom of valleys which, under the present climatic conditions, are reduced to a string of elongated and disconnected depressions. Their topographic watershed is of the order of a few square kilometres (2 for Wankama), but not all the surface runoff generated over this area reaches the pool, due to intermediate flat sandy zones in which the surface runoff often dissipates. The soil is predominantly sand and the vegetation is a mixture of crops (millet) and more or less degraded fallow. At Wankama the maximum extension of the pool, observed between 1991 and 1993, was 36700 m 2 corresponding to a storage volume of 42000 m 3. These pools are the most deeply embanked of all (Fig. 3). Here also the central zone is permanently inundated during the rainy season and clogged with clay. Sink pools, such as Sama Dey, are installed in depressions remaining from very ancient valleys (probably older than the dry valleys of the previous category). Their emptying is much faster than for the two other types of pools, due to preferential pathways that facilitate the deep infiltration of water. Apart from these characteristics, the area, soil and vegetation cover of these pools are very similar to those of the valley bottom pools.



3. Hydrologic regime of the pools There are two main components of the hydrologic regime of the pools. One is the filling up by surface runoff. The other is the emptying, through drainage and evaporation. The filling stage quickly follows rainfall, which generally begins with the strongest intensities
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and last only for a few hours. The emptying stage starts immediately after the end of rainfall and lasts until the next rainfall event producing runoff, which means a few hours in very rare cases, and more generally a few days (Fig. 4). Runoff studies in the ECSS are presented by Peugeot et al. (1997). They include
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Fig. 4. Level fluctuations of the three reference pools in 1992. An exceptional flood was observed at Sama Dey on 3117192. Note the total emptying of the Sama Dey pool between floods. The shaded area represents the period between the first flooding of the pools and the end of the rainy season.



measurements carried out on the reference pools. Rainfall (intensity and distribution) is shown to be the major factor controlling runoff. Runoff is heavier and less sensitive to changes in the time distribution of rainfall on the plateau pools (Bazanga: 23%, 19% and 21% in 1991, 1992 and 1993) than on the valley bottom or sink pools (Wankama: 3%, 15% and 10% in 1991, 1992 and 1993). These figures confirm that a significant amount of the precipitated water ends up in the pools. We will concentrate below on studying how this water is subsequently recycled towards the atmosphere and the aquifer. The emptying regimes of most of the pools studied have a common pattern. After the end of rainfall the water depth begins to diminish at a strong, but decreasing, speed until the level has reached a value that is somewhat the same for every event (Figs. 5 and 6). At that point the emptying rate reduces dramatically. There is thus a threshold separating a zone of rapid emptying and a zone of slow emptying. The value of this threshold is about 0.9 m for Bazanga and 1.5 m for Wankama. The only possible cause for such a break in the emptying rate is a change in the permeability of the pool substratum. Field observations confirm this assumption, by showing that the depth threshold corresponds to the edge of the clay-clogged area at the centre of the pool. The first stage of the emptying is thus very likely associated with an important infiltration through the flooded sandy zone, while below the threshold, the infiltration plays a lesser role. The contribution of the infiltration to the emptying of the pools will be quantitatively assessed in the next section. Note that the Sama Dey pool does not present a final stage of low emptying rate and dries out totally in a few days. In that case (as for all the sink pools) the infiltration accounts for almost the
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Fig. 5. A sample of six characteristic emptying curves at Bazanga. For two events (3016/92 and 21/7/93) the maximum level remained below the limit of the clogged zone.



totality of the water losses. By contrast, water is present until a few weeks after the last rainfall at Bazanga and for at least 3 months after the last rainfall at Wankama, which gives time for evaporation to contribute to the emptying. In Figs. 5 and 6 it should also be noted that at the beginning of the rainy season, the first floodings may not reach the permeability threshold (events of 30/6/92 and 21/7/93 at Bazanga and events of 10/8/1991 and 8H/1993 at Wankama).



4. Water budget of the pools between rainy events



4.1. Statement of the problem The water budget of the pools between rainy events consists of two terms: evaporation and infiltration. In most former studies dealing with Sahelian surface water reservoirs,
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Fig. 6. A sample of six characteristic emptying curves at Wankama. For two events (10/8/91 and 8/7/93) the



maximum level remained below the limit of the clogged zone.



infiltration was more or less explicitly considered as negligible (see e.g. Riou, 1975, and Brunel and Bouron, 1994). Given the fast emptying observed shortly after flooding, as described in Section 3, this hypothesis can hardly be accepted a priori for the small reservoirs of the Niamey area. A major difficulty arising when trying to assess the respective contributions of evaporation and infiltration in the emptying of the pools is that neither process is directly measurable. During the rainy season, the frequent cycles of flooding/ drying up make it especially difficult to estimate the evaporation, for several reasons: (i) the meteorological parameters conditioning the release of water to the atmosphere change rapidly; (ii) the flooding of the pools brings new water, the composition of which is likely to be different from that of the water remaining in the pool from the previous floodings; (iii) the partitioning between infiltration and evaporation changes rapidly with the fast decrease of the pool water level. Point (i) is an impediment to the utilisation of energy budget methods; Point (ii) is an impediment to the utilisation of chemical/isotopic analysis methods; Point (iii) prevents reliance on linear correlations between the evaporation and the variations of the level of the Ix)ol, since the ratio between evaporation and infiltration is
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not constant. Consequently it is during the dry period following the end of the rainy season that evaporation can be best studied, for only the central and clogged zone of the pool is flooded. The infiltration is thus reduced and its rate varies little. Several methods were tested for estimating the evaporation during this period: pan measurements, chemical survey and isotopic survey. Methods based on the energy budget could not be considered because the area of free water is too small and the fetch of the atmospheric parameters would include land areas. 4.2. Assessment of the evaporation during the dry season based on isotopic analysis It was shown by Desconnets et al. (1993) and Desconnets (1994) that the chemical survey did not provide adequate data, due to anthropic interference (mainly cattle) modifying the composition of the water and the possible fixing of chemical elements by clay particles. On the other hand the evolution of the isotopic composition in oxygen 18 (8180) and deuterium (t52H) is directly linked to the evaporation and is not influenced by cattle watering or clay adsorption. It is the only reliable method based on data coming from the pool itself. The evaporation rate computed from the isotopic survey can then be compared with pan measurements, in order to provide reasonable ratios to convert pan evaporation into pool evaporation when no isotopic data are available. In a water body subjected to an evaporation process the tSO and 2H contents will increase with time. This enrichment originates in the isotopic fractioning between the evaporated vapour phase and the remaining liquid phase. It depends on two parameters: an equilibrium enrichment factor depending only on the air temperature and a kinetic enrichment factor function of the atmospheric conditions (turbulence, temperature, relative humidity). The isotopic composition of the water entering the pools is known through an extensive campaign of rainwater analysis, which yielded the following equation relating the 2H content to the ~80 content (Desconnets and Taupin, 1993): t52H= 8.1 ltSlSo +5.82



(1)



Note that the slope of this regional meteoric line (RML) is close to that of the world meteoric line (WML), equal to 8. The isotopic survey of the Bazanga and Wankama pools, carried out in 1991 and 1992 from the end of the rainy season to the complete drying out of the pools (this survey was impossible on Sama Dey, since this pool dries out in a few days), leads to the following equation: 52H = 4.53/~1So - 11.53



(2)



The slope here is significantly smaller than that of the RML (Fig. 7), and is characteristic of the evaporation from a water body (Fontes, 1976). While the relationship between the 2H content and the ~80 content is the same for the two pools, the isotopic enrichment, as well as the conductivity, of the valley bottom pool (Wankama) is much smaller than that of the plateau pool (Bazanga) for the same fraction of remaining water, as may be seen from Fig. 8. This implies a smaller evaporation rate from Wankama and, consequently, a greater
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infiltration rate. This first qualitative result is in agreement with the hypothesis that could be made from the description of the hydrologic regimes in Section 3. The Raleigh distillation law, which accounts only for the equilibrium enrichment process has been tested by Desconnets and Taupin (1993). They have shown that this model could not fit properly the evolution of the isotopic contents for fractions of remaining water below 0.2. Thus, the model proposed by Craig and Gordon (1965), which takes into account both the equilibrium and the kinetic processes, is used here. Its general expression is:
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where ~ is the isotopic composition at time t, fis the remaining fraction of liquid water, ha is the mean relative air humidity, tS~is the isotopic composition of the air, ~ is the isotopic fractioning factor between the liquid and the vapour phases, e(e = 1 - ct) is the isotopic enrichment at the equilibrium (function of the air temperature), and Ae is the kinetic 8--~ '~) ( % SMOW)
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isotopic enrichment. By assuming that ha, 8a, Ct, e and Ae are constant over the drying period, integrating Eq. (3) yields: 8=



80-



fn+~



(4)



where di0 is the initial isotopic composition (t = 0 , f = 1) and with:



A - haSa+ Ae+e/ct and B= ha-Ae-e/ot 1 - ha + A e 1 - ha + Ae



(5)



When infiltration is present along with evaporation, Eq. (4) becomes: B ) 8= ( 80-



A faz +_~



(6)



where z = Qevap/(Qevap+ Qinf) (Gonfiantini, 1986), Qevap and Qinf being, respectively, the cumulative losses by evaporation and infiltration between times t = 0 and t. The parameters of the model depending on the atmospheric conditions were computed using the average air temperature from the Banizoumbou station (29°C) this temperature varying little during the period of interest (Goutorbe et al., 1994). By contrast the monthly mean relative humidity decreases from 73% in September to 34% in November and this was accounted for by running the model on a monthly time step. The isotopic parameters ot and e are set equal to 1.00907 and 0.00907, after Majoube (1971), and Ae = 14.2(1 - ha), after Gonfiantini (1986). The isotopic composition of the atmosphere, 8a, was taken as equal to 17%0 (Colin-Kaczala, 1986). Once the values of the isotopic parameters have been set, the parameter z is determined by minimising the following error function between observed (8~SO) and computed (8~O) values of the 180 composition:



18O ( Z ) - - 8 0t8O ) 2 E(z)= 4 / E (8 m (7) v i=l where n is the number of observations (water analysis) during the drying period. As may be seen from Fig. 9, the minimum of the function E(z) is easily identified, with z*, the value at the optimum, equal to 0.7 for Bazanga (70% of the water present in the pool at the beginning of the dry season evaporates) and 0.3 (only 30% of the water present in the pool at the beginning of the dry season evaporates) for Wankama. The fit between 1.0
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Table 3 Comparison between pan measurements and the isotope based estimation of the pool evaporation during the 1992 drying out



In situ pan Class A pan Isotopes



Bazanga



Wankama



Total losses 23/9-23/I l: 2360 m 3



Total losses 24/9-30/I I: 5650 m 3



Total (ram)



% of total losses



Total (ram)



81 105 70



426 6.3 660 9.7 306 ( 1 6 9 5 m 3) 4.5



Daily rate (ram d -I)



468 7.6 608 9.8 406 (1670 m 3) 6.6



% of total losses



Daily rate (ram d-')



42 65 30



evaporation when only such data are available. For each pool, two series of pan measurements are considered: one comes from an in situ sunken pan filled up with the water of the pool; the other is a Class A pan located at the Niamey Airport Meteorological station which provides a regional reference and the only measurement routinely available. Table 3 shows that both pans overestimate the evaporation, which was expected, given the strong oasis effect in such a dry and hot climate. The overestimation is especially large for the Class A pan, which is more sensitive to the oasis effect and is filled with clean water, the albedo of which is smaller than that of the muddy pool water used for the in situ pan. The pan measurements nevertheless allow the detection of the large difference between the evaporated fraction of Bazanga (81% for the in situ pan) and that of Wankama (42% for the in situ pan). In order to compute a transposition factor between the regional evaporation index provided by the Class A pan (EA) and the actual pool evaporation obtained by the isotopic method (Ep), the evaporation was estimated with the two methods over each interval between two successive water samplings. Imposing that the relationship between the two estimates goes through the origin, yields the following: Bazanga :



E~=0.67EA,



( o = 0 . 0 8 ; n = 18)



(8)
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Wankama : E~=0.46EA,



(a=0.18;n=18)



(9)



Fig. 12 A smaller coefficient is found for the valley bottom pool, which is larger and shielded by the topography and the vegetation as compared with the plateau pool. These transposition factors are much smaller than those usually found in the literature for similar climates which are close to 1.0 for small reservoirs (a few hectares) and between 0.6 and 0.8 for large water bodies (e.g. Ibiza, 1972; Vuillaume, 1981; Chevallier et al., 1985; Cogels et al., 1991). It thus appears critical to take into account the infiltration when computing the water budget of the Sahelian pools, 4.4. Seasonal water budget For the valley bottom pool 70% of the water present in the pool at the onset of the dry season is lost through infiltration. This volume of water represents only 4% of the total amount of water collected by the pool during its seasonal cycle. The other 96% is infiltrated and evaporated during the rainy season, a period when the estimation of the evaporation is difficult. We may nevertheless consider in a first step that the transposition factors computed for the dry season may be applied to the rainy season, in order to get a rough estimate of the total amount of water lost by the pool during the rainy season, based on the Class A pan measurements. Applied to the 1992 season, this approach yields an Table 4 Water budget (in m 3) of the Wankama pool for 1992



Total losses Evaporation Infiltration



Rainy season (I 1/4-23/9)



Dry season (24/9-30/I 1)



Global (11/4-30/1 I)



138780 5405 (4%) 133375 (96%)



5650 1695 (30%) 3955 (70%)



144430 7100 (5 %) 137330 (95%)
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Table 5 Water budget (in m 3) of the Wankama pool for 1993



Total losses Evaporation Infiltration



Rainy season (14/6-19/9) Dry season (19/9-911/94)



Global (14/6/93-9/I/95)



62770 3800 (4%) 58970 (96%)



95545 8545 (9%) 87000 (91%)



32760 4730 05%) 28030 (85%)



estimate of 5000 m 3, value computed between the 11.04 and the 23.09. Over the same period the total amount of water collected and then lost by the pool is about 140000 m 3, which means that the fraction of evaporated water is of the order of 5% of the losses during the rainy season. With such a small figure, it appears that a very precise estimate of the evaporation (such as the one obtained for the dry season) is not an absolute requirement when it comes to computing the water budget. An error of 50% on the evaporation estimate would translate into an error of less than 5% on the volume of infiltrated water during the rainy season or over the whole period of life of the pool. The water budget of the Wankama pool for each period, both in absolute values and in percentage, is given in Table 4 (1992) and Table 5 (1993). The major component of this budget is the infiltration (94% of the water collected by the pool during the rainy season). It has to be noted that the total drying out of the pool occurs only 10 weeks after the 30/11, but the water that remains in the pool at that date represents less than 1% of the total volume collected and subsequently lost by the pool during the whole period. The same approach leads to the computation of a much smaller fraction of infiltrated water for Bazanga (85% in 1992, Table 6 and 84% in 1993, Table 7). This is due both to a smaller infiltration rate from the clogged zone (smaller infiltration fraction in the dry season) and to the previous sandy zone of temporary flooding being smaller (smaller infiltration fraction in the rainy season). It should be noted that, during the rainy season, the evaporation accounts for less than one fifth of the emptying of the pool. The infiltrated water is stored in the sandy soil between the surface and the impervious lateritic layer, allowing the growth of a denser vegetation around the pool.



5. Recharge of the aquifer and regional water balance 5.1. The phreatic aquifer of the pool study area A large proportion of the water collected by the pools infiltrates, either below the pools Table 6 Water budget (in m 3) of the Bazanga pool for 1992



Total losses Evaporation Infiltration



Rainy season (I 1/4-22/9)



Dry season (23/9-23/I 1)



Global (I 1/4-23/11)



32140 4740 (15%) 27400 (85%)



2360 1650 (70%) 710 (30%)



34500 6390 (19%) 28110 (81%)
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Table 7 Water budget (in m ~) of the Bazanga pool for 1993



Total losses Evaporation Infiltration



Rainy season (7/7 - 18•9)



Dry season (19/9-4/12)



Global (7/7 -4/12 )



26418 4172 (16%) 22246 (84%)



2682 1633 (61%) 1049 (39%)



29100 5805 (20%) 23295 (80%)



(permanently inundated zone) or on the sides (temporary flooded zone). The question is then raised of what happens subsequently to this water. Obviously part of it is used by the vegetation which is denser around the pools than elsewhere. However, the area of dense vegetation has a relatively small extension and its evapotranspiration cannot account for all the water losses from the pools. It thus quickly becomes evident that these losses contribute to the recharge of the aquifer. The 3-year survey of more than 300 wells has revealed the major role of the pools in the aquifer recharge: the largest variations of the phreatic level are observed in the vicinity of the pools and they diminish with distance from the pool (Leduc and Desconnets, 1994a). Moreover the time lag between pool floodings and aquifer level risings is at a minimum near the pools, and increases away from the pools. The PSA is one of the most homogeneous parts of the phreatic aquifer: the hydraulic gradient is very weak (often less than 4 x 10-4), the piezometric fluctuation is small (median is 30% lower than that of the whole degree square), the hydrochemical composition is rather constant. This region belongs to a large closed piezometric depression which seems to correspond with the fossil fiver bed of the Dantiandou kori. Three sites along the kori of Dantiandou have been equipped with automatic level recorders for a detailed survey of interactions between pools and aquifer: Wankama (three piezometers and two wells), Maourey Kouara Zeno (one well, pool not monitored), Banizoumbou (two piezometers and two wells). Elsewhere, the piezometric survey consists of measurements in village wells. In spite of an apparent homogeneity of the kori of Dantiandou regarding geomorphology or geology, the response of the aquifer to the rain infiltration is very variable. For instance, the maximum fluctuation of the phreatic level in 1993 is about 5.4 m in Wankama, 0.7 m in Banizoumbou and 0.3 m in Maourey (Fig. 13). In the same way, the aquifer rises early in Banizoumbou (mid-June) and much later in Wankama and Maourey (end of July). At a distance of 500 m from the pool, the infiltration impact is not measurable in Banizoumbou whereas it exceeds 2 m in Wankama. Since the vertical distance between the pool bottom and the water level is comparable in the three cases (between 15 and 20 m), these differences are explained by variations in infiltrated volumes and hydrodynamic characteristics of both the saturated and unsaturated zones. From pumping tests, the TIS ratio (transmissivity/storativity) is about 0.03 m 2 s -~ in Banizoumbou. From an analytical calibration of the response to infiltration in the different Wankama piezometers, this TIS ratio is estimated between 0.05 and 1 m 2 s -I. Also, the estimate of infiltrated volumes, based on the water budget of the pools, is 87 000 m 3 in Wankama and 38 000 m 3 in Banizoumbou.
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Fig. 13. Piezometric fluctuations for three valley bottom pools in 1993. The left scale of the vertical axis is for Maourey and Banizoumbou, while the right scale is for Wankama.



5.2. Recharge from a valley bottom pool: the Wankama case "study The Wankama area appears as a small mound on the piezometric map, which points to the importance of this site in the recharge processes. There is no higher annual fluctuation in the CSS. The three piezometers (PI, P2 and P3) are aligned perpendicular to the pool axis at distances of 30, 80 and 180 m from the pool level recorder, respectively. For all 3 years of observation (1992, 1993 and 1994) it was observed that the first floods of the rainy season have no impact on the groundwater level which continues to decrease very slightly until July (see the example of 1993 in Fig. 14), even though the rain depths and chronology ~"
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Fig. 14. Cumulated infiltrated volume of water from the W a n k a m a pool (top) and corresponding piezometric fluctuations for two piezometres and the northern well (1993).
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Fig. 15. Soil moistureprofilesbelowthe Wankamapool, as determined by neutron probemeasurements.The left profileis belowthe cloggedzonewhilethe right one is belowthe sandyzone which is temporarilyinundatedafter a rainfall event. recorded were different each year. The aquifer begins to respond to the flooding of the pool at the end of July, at first weakly and slowly. Then the response becomes larger and faster. The time lag between the beginning of level rise in the pool and in the different piezometers is 2 to 6 h in P1 for the first floods (4 to 7 h in P2) and half that for the last events. In 1993, the total rise of the aquifer was 5.4 m in P1, 4.4 m in P2 and 2.8 m in P3; in 1994, it was 5, 4 and 2.6, respectively. In fact, it appears that the rise of the aquifer is correlated to the cumulative infiltrated water rather than to the absolute water level in the pool (Fig. 14). In 1993 monitoring of the unsaturated zone below the pool with two neutron probe access tubes was started. That year it took until the end of June to saturate the first 8 m below the pool. Afterwards this zone remained saturated until the end of the rainy season (Fig. 15). It is thus a reasonable assumption to consider that it takes an additional few weeks (say between 2 and 4 depending on the rainfall) to saturate the remaining 8 m down to the aquifer. It is only when the' whole column of soil between the pool and the aquifer is saturated that the aquifer starts to respond almost immediately to flood events. A first attempt at a numerical modelling of the Wankama area led to an estimate of effective porosity lower than 10% and a transmissivity higher than 10 -3 m 2 s -l. With such figures, it was possible to estimate a volume of water reaching the aquifer which is similar to the computed volume infiltrated from the pool. There are still a number of uncertainties in the results of this modelling, however, which prevent the reaching of a definite conclusion regarding the exact recharge from the pool.



5.3. The role of the pools in the regional water balance The pools concentrate precipitated water running off the fields and facilitate its infiltration deep into the soil below and around the permanently inundated central zone, allowing
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Table 8 Water budget (in mm) of the Bazanga watershed 1991-1993. Figures between brackets refer to a partial total (lacunes in the level recording) 1991 Precipitation (150.5) Runoff into the pool 34.8 (23%) Evaporation from the pool 11.6(6%) Infiltration from the pool 25.6 (17%)



1992



1993



504.2 98.7 (19,6%) 18.3 (3.6%) 80.4 (16,0%)



(387.5) 83.1 (21.5%) 16.6 (4.3%) 66.6 (17.2%)



some of it to reach the aquifer. Leduc and Descormets (1994b) estimate that, in 1992, which was close to normal as far as the seasonal cumulative rainfall is concerned, about 10% of the precipitation contributed to the recharge of the aquifer, which means an average of 50 mm over the left bank aquifer study area (7000 km2). Now, the in situ percolation below the neutron access tubes on the HAPEX-Sahel WABs of the ECSS rarely exceeds 30 to 40 nun. Given that the depth of these tubes was limited to 4 m, it is very likely that some of this water was used by the vegetation during the dry spells and after the end of the rainy season. Thus, the in situ recharge is probably limited to less than 10 mm, if it occurs at all. The major role of the pools in the Sahelian water cycle is thus clearly to increase the recharge of the aquifers, making up for the difference between the in situ field recharge and the average recharge over large areas. This role is enhanced or inhibited by the rainfall distribution. Tables 8 - 1 0 show the water budget of the Bazanga and Wankama pools for 1991, 1992 and 1993, for 1992 and 1993 only at Sama Dey. On the plateau, the water that infiltrates from the pool is roughly equal to 16-17% of the areal precipitation on the watershed and does not vary substantially from one year to another. By contrast this figure varies from 3 to 15% at Wankama, as a result of the difference in the runoff coefficient. The comparison between 1992 and 1993 is especially interesting since the total seasonal rainfall was identical and the infiltration ratio was twice as large in 1992. The difference is still larger on Sama Dey, confirming higher runoff in 1992 (note that the 1992 computation bears on 75% of the season only, which means that the precipitated water depth infiltrated from the pool must be at least equal to 80 mm). As shown by Lebel et al. (1997), the rainfall time distribution in 1992 was especially far from normal, with most of the rainfall concentrated during the last 15 days of July and the last 15 days of August. This brought heavy runoff and floodings of the valley and sink pools and favoured an above-normal infiltration from the pools. Not all the water infiltrated from the pools goes to the aquifer however. In fact there is likely very little recharge from the plateau pool, given the presence of a double layer of Table 9 Same as Table 8, except for Wankama 1991 Precipitation (351.5) Runoff into the pool 10.4 (3.0%) Evaporation from the pool 1.1 (0.3%) Infiltration from the pool 9.1 (2.6%)



1992



1993



463.8 67.0 (14.4%) 3.4 (0.7%) 63.6 (13.7%)



463.0 44.7 (9,7%) 4.0 (0.5%) 40.5 (8.1%)
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Table 10 Same as Table 9, except for Sama Dey 1991 Precipitation Runoff into the pool Evaporation from the pool Infiltration from the pool



-



1992



1993



(314.7) 71,5 (22.7%) 0,8 (0.3%) 70,7 (22.4%)



404.5 28.8 (7.1%) 0.4 (0.1%) 28.4 (7.0%)



clay and hardened soil between the bottom of the pool and the aquifer (Desconnets et al., 1994). On the other hand the quick emptying of the sink pools makes it probable that a great deal of the water infiltrated from the pools contributes to the recharge of the aquifer. The valley bottom pools constitute an intermediate case. The piezometric data presented in Section 5.2 clearly show a recharge higher in 1992 than in 1993, but only a careful modelling of the aquifer will allow the more precise assessment of how much of the 64 mm of areal precipitation infiltrated from the Wankama pool went to the aquifer.



6. Conclusion The only reliable hydrologic integrators of the HAPEX-Sahel degree square are small pools, draining watersheds whose area ranges from a few hectares to a few square kilometres. The study of three reference pools, representing the three main hydrologic units of this zone, namely plateaux, valley bottoms and sinks, has led to a first set of results that are summarised below. Field studies have first shown that both plateau and valley bottom pools share a similar emptying regime. After a flood event that replenishes the pool, a stage of a fast decrease in the water level in the pool is observed. During this stage the dominant process is infiltration. It is followed by a period of slow decrease, the infiltration being weakened by the clogged substratum in the central area of the pool. Evaporation then plays a larger role. An isotopic survey, carded out in 1991 and 1992, allowed the confirmation of this scheme and the quantification of the evaporation during the final emptying stage of the dry season. While the evaporation is dominant in the plateau pools (70% of the dry season losses) it accounts for only 30% of the dry season losses in the valley bottom pools and almost zero in the sink pools which are emptied in a few days after the last rainfall. It is thus impossible to neglect the infiltration when studying the evaporation from small reservoirs in the Sahel and the correction factors used for estimating the pool evaporation from a reference Class A pan evaporation are much smaller than those computed in previous studies. While correction factors between 0.8 and 1.0 were usually given, the value found here is 0.67 for a plateau pool and 0.46 for a valley bottom pool. The role of the pools in increasing the recharge of the aquifers has also been shown, both from piezometric data in the vicinity of the reference valley bottom pool and from the water budget computed for the watershed in 1991, 1992 and 1993. One can estimate that, on average, 10 to 20 mm of the total areal precipitation over the plateau watershed will infiltrate from the corresponding pool. In the valley and sink pools the precipitated water
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depth liable to infiltrate from the pool ranges from 10 to 80 ram, the actual value being mostly conditioned by the rainfall distribution in time. A large proportion, even if not precisely determined at that stage of the study, of this water contributes to the recharge of the aquifer.
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