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Abstract—Surface water and groundwater are two 

interrelated components, where the influence of one 

automatically affects the quantity and quality of the other. These 

exchange flows are robustly influenced by some mechanisms such 

as permeability, lithological nature of the soil, landscape, in 

addition to the difference between the hydrometric height of the 

river and the piezometric level of groundwater. The study area of 

Bou Ahmed plain is vulnerable to intensive pumping mainly in 

the coastal fringe. The increase in water demand, due to 

demographic development, is accompanied by pressure on 

groundwater abstraction which causes significant drops of the 

groundwater level. The main objectives of this study are to 

develop Geographic Information System database and 

mathematical models to analyze spatial and temporal 

hydrogeological characteristics and hydrodynamic functioning of 

groundwater flow of the Bou Ahmed aquifer. The present work 

exhibits the characteristics of the river-groundwater exchanges 

in an alluvial plain. Therefore, we quantified the flows exchanged 

between a river and its groundwater using GIS tools along with 

measurements of parameters obtained by the differential 

gauging, which was carried out in the field, and hydrogeological 

boreholes data. These quantified flows, moreover, enabled us to 

eventually estimate the uncertainties related to the use of the GIS 

method. These results will also be used to support a set of 

groundwater simulations based on MODFLOW code in the Bou 

Ahmad aquifer. These models also associated with develop 

Geographic Information System will help to better plan, manage 

and control the groundwater resources of this aquifer. 

Keywords—Surface water and groundwater; river-groundwater 

exchanges; geographic information system; differential gauging 

I. INTRODUCTION 

Generally, the exchanges between surface water and 
groundwater are complex. The interactions between these two 
elements take place by lateral subsurface flow in unsaturated 
soil, and by infiltration or seepage in the saturated spots. 
Moreover, Surface Water-Groundwater trade can be seen as an 
important element affecting the underground hydro-systems 
balance; it also has a significant impact on the quality of the 
groundwater by means of the solutes flow (contaminant) 
associated with the hydric transfer [1]. 

Numerous researchers have focused on the quantification 
of surface water-groundwater exchanges by estimating 
conductance [2]–[9] via the McDonald formula [10]. As a 
matter of fact, other researches dealing with the connections 
between a groundwater and a watercourse find that the 
exchanges are controlled by the same type of mechanism as 
that of drainage through a saturated semi-permeable layer [11], 
[12]. 

In a fluvial plain, both the flow and exchange of 
groundwater are controlled by a number of parameters. The 
most notable being: Firstly, the allocation and amplitude of the 
hydraulic conductivities at the river and the associated fluvial 
plain residues [13]–[15]; secondly the affiliation among the 
river’s stream stage and the adjacent groundwater gradients. 
Finally, the geometry and position of the stream channel in 
conjunction with its flow into the fluvial plain [14]. 
Conductance is a requisite factor for the quantification of the 
flows exchanged between a river and the groundwater. In this 
paper, we first attempt to estimate these flow rates, using the 
conductance parameter attained by a geographic information 
system-based method only. Then, the assessment of the flows 
will be made by taking field measurements (differential 
gauging). The comparison between the two results allowed 
guesstimating the uncertainties associated with the use of the 
GIS method solely. 

The Bou Ahmed aquifer is defined by the form of a 
depression filled from bottom to top by the Pliocene and 
Quaternary deposits on primary grounds. It is the main supplier 
of water resources for drinking water of several centers of the 
area (the cities of Bou Ahmed and Stehat). The increase in 
water demand, due to demographic development, is 
accompanied by pressure on groundwater abstraction. This 
situation causes significant drops of the groundwater level and 
consequently concern the decision makers responsible for the 
management and planning of water resources. For this purpose, 
all collected information (relevant technical reports and 
experimentations in the terrain of the study area) were 
processed and led to: (i) Study the hydrogeology characteristics 
of the Bou Ahmad aquifer; (ii) Exhibits the characteristics of 
the river-groundwater exchanges (watercourse functioning) in 
an alluvial plain; (iii) Quantification and direction of the flows 
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exchanged as well as the permeability; (iv) Permeability 
calibration using data from the GIS. 

II. SITUATION AND HYDROGEOLOGICAL BACKGROUND 

The location of the study area is in the plain of Bou Ahmed, 
which is one of coastal basins’ alluvial plains of the western 
Mediterranean, that form part of the Rifain domain allocated in 
northern Morocco [16] (Fig. 1). The bottom of the plain is 
characterized by a marly substratum of earlier Pliocene age 
[17], covered by a Quaternary filling formed mostly by fluvial 
detrital facies with insertions of pebbles and channeled 
conglomerates [18]. The examined site is crossed by the 
Tihissasse River; this latter starts at the convergence point of 
the Elkanar and Bouhya Rivers (Fig. 1) then reaches the plain 
with an average slope of 0.45%. The regime of these rivers is 
irregular with a torrential character during rainy periods [16]. 
From a hydrogeological standpoint, the study area includes 
groundwater representing the main source of drinking and 
agricultural water supply. It is characterized by significant 
thicknesses in the middle of it which decreases towards the 
peripherals, on top of a transmissivity that varies between 
5.2.10-4 m²/s and 4.5.10-3 m²/s and a storage coefficient of 20% 
[18]. 

 

Fig. 1. Geographical Situation and Hydrological / Hydrogeological 

Backgroud of the Bou Ahmed Aquifer. 

III. MATERIALS AND METHODS 

A. Differential Gauging 

The characterization of the groundwater exchange with the 
river is generally carried out by initially measuring water levels 
in wells and piezometers within the streambed and the banks of 
the channel [15], [19]–[23], afterwards, a gauging (Fig. 2) to a 
number of cross-sections of the watercourse over a short time 
period [24]. 

Furthermore, it is principal to acquire in advance some 
information on the vertical permeability fields of the material 
constituting the river bed. 

In our examination, we implemented a differential gauging 
campaign (May-2016), exclusively on the Tihissasse River, 
and the downstream part of the El Kanar River (Fig. 1) since 
the Bouhya River was almost dried up during this mission. By 
subdividing the studied area into five sections of measurements 

(Fig. 1), we obtained four parts with a river-groundwater 
contact width of 6 meters for parts 1, 2 and 8 meters for parts 3 
and 4. 

B. Calculation of Conductance 

To estimate the surface water-groundwater exchanges as 
well as facilitating the analysis and spatial computation in the 
GIS, we have transformed the collected data into thematic 
raster maps whose pixel values symbolize a measured 
parameter. In this section, the raster calculator was used to 
generate raster layers of (2x2 m) dimensions representing thus 
the value of the difference (           ) between the 
hydrometric height of the river and the hydraulic head of the 
groundwater. 

Under the GIS, the calculations of the flows exchanged 
between the river and the groundwater are based on the 
permeability values of the four sectioned parts (K1 (946) = 2.25 
10-4 m/s, K2 (942) = 10-5 m/s, K3 (943) = 3.7 10-5 m/s and K4 
(948) = 8.2 10-5 m/s), [18]. 

For each segment of the river, the vertical exchange rate is 
generally modelled by the leakage concept based on the [10] 
law: 

 (    )    (     )           (1) 

Where       is the water level of the river and       is the 
water level of groundwater. 

 
(a) 

 
(b) 

Fig. 2. (a): Reel with a Horizontal Shaft (b): Downstream Part of the 

Tihissasse River. 
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C represents the conductance in (m2/d) and it’s given by the 
subsequent formula: 

  (    )                 (2) 

Where,    is the vertical permeability (m/d), S indicates the 
contact surface river- groundwater (m2). 

Thus,   represents the thicknesses clogged in (m). The 
following figure illustrates some measurements, along the 
river, of the parameter of the thickness clogged in the 
approximate way after the drying of the stream and precisely at 
the end of August, which varies increasingly from upstream to 
downstream (Fig. 3). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. (a): River Bed in the upstream of Tihissasse River; (b) and (c): River 

Bed in the Middle Part; (d): River Bed in the Downstream of the River. 

IV. RESULTS 

A. Quantification of the Exchanged Flows 

1) Quantification by gauging: The calculated flow rates 

from the differential gauge (Table I), for the first two parts, 

with a total length of approximately 2250 m are around -3629 

m3/d. Correspondingly, the seized negative values demonstrate 

that the river supplies the groundwater, which corresponds to a 

total intake of -1612 m3/d/km. While parts 3 and 4 (3000 m in 

length) have a flow rate of 15639 m3/d, this indicates that 

these sections are provided by the groundwater with a total 

supply of 5213 m3/d/km. 

2) Results obtained by GIS method: The raster maps 

generated from (Δh) and the exchange rates (Q) measured for 

each part of the river (Tab.1) enabled us to approximate the 

values of the following conductance Ci: C1= 2.7488 m2/d; C2 

= 0.7595 m2/d; C3 = 0.7625 m2/d and C4 = 0.0926 m2/d, which 

represent the slopes of the linear regression curves in Fig. 4. 

This helped us deduce the   parameter by equation (2), which 

will be used later to calculate the flow rates by the GIS 

method. 

The flow values reaped by the GIS method at four parts 
demonstrate that the lowest flows are located upstream (2 to -4 
m3/d/pixel) (parts 1 and 2), whereas the most significant flows 
are registered downstream of the river with an exchange rate of 
63 to -119 m3/d/pixel (parts 3 and 4) (Fig. 5). 

B. Calibration and Comparison 

To calibrate the permeability values obtained by the GIS 
method with the experimental ones, we followed a manual 
calibration methodology; we have systematically modified the 
permeability values    in order to minimize the differences 
between that of the flows given by the GIS method and the 
ones observed in the field. 

During the calibration phase, it was noticed that the flows 
calculated by GIS (Fig. 5) tend towards the observed flows 
(Table I) by reducing the    values (Table II). 

TABLE I. AVERAGE EXCHANGE RATES RECOUPED BY MEASUREMENTS 

OF THE FIELD FLOWS 

Part Length (m) 
Average 

width (m) 

Average slope 

(As in %) 

Q (m3/d) 

After 

calibration 

Part 1 1000 6 1.1 - 1728 

Part 2 1250 6 0.3 - 1901 

Part 3 1300 8 0.4 + 6826 

Part 4 1700 8 0.4 + 8813 

 

0.20 m 0.24 m 

0.15 m 0.18 m 
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Fig. 4. Illustrations Describing the Flow among the River and Aquifer Q (m3/s) for each Part as a Function of the difference between the River and Groundwater 

heads ∆h (m). 

 

Fig. 5. Maps of Exchanged Flow Values by Parts Obtained from the GIS Method. 
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TABLE II. VALUES OF THE PARTS PERMEABILITY BEFORE AND AFTER 

THE CALIBRATION PHASE OF THE FLOW RATES 

Part Length (m) 
   (m/s) 

Before calibration 

   (m/s) 

After Calibration 

Part 1 1000 2.25 10-4 1.0 10-6 

Part 2 1250 1.0 10-5 6.0 10-7 

Part 3 1300 3.7 10-5 2.8 10-6 

Part 4 1700 8.2 10-5 2.3 10-5 

V. SYNTHESIS AND DISCUSSION 

Evaluating and interpreting the boreholes data and gauging 
measurements allowed us to quantify the surface water-
groundwater exchanges in the Bou Ahmed plain. 
Consequently, the exchange principle used is the one proposed 
[12] which is based on Darcy's law, whose exchange rate is 
positive when the groundwater feeds the river (    ) and 
negative when the situation is reversed (    ). 

The attained results illustrate that in the first part; the 
exchanges are negative (the river feeds the groundwater) 
(Fig. 6a) with a low flow rate (Table I). This is explained by 
the existence of mainly sandy silt formations (Fig. 7). 

The crossing towards part 2 is characterized by a      
(Fig. 6b, Fig. 7), which corresponds to a zero exchange 
between the surface water and the groundwater. While the 
remaining of the part is characterized by a      and 
exchanges that are generally negative (the river feeds the 
aquifer) (Fig. 6a, Fig. 7). The latter can be explained by a 
modification in the lithological nature, which changes from 

sand to pebbles and gravels accompanied by an increase in the 
thickness of the groundwater from the upstream all the way to 
the central part of the Tihissasse River (Fig. 7). This thickening 
is regulated by the roof geometry of the substratum, which is 
produced by a depression at the level of the borehole (942/4). 

It should be noted that at the downstream fraction of part 2, 
the collected values of the flows by the GIS method are 
discordant compared to those obtained experimentally, 
especially in the direction of the exchanges (Fig. 5). This 
contradiction can be explained by the effect of the 
measurement sites choice. 

For the third and fourth parts, the exchanges are 
fundamentally positive (the groundwater supplies the river) 
with a    varying from -1 to 2 m (Fig. 6a and c), this is due to 
the remarkable effect of the substratum surge which favors the 
overflow of the groundwater. 

 

Fig. 6. Possible Situations of Surface Water and Groundwater Exchanges. 

 

Fig. 7. Synthetic NE-SW Cross-Section along the Watercourse. 
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VI. CONCLUSION 

Computer technologies consisting of geographic 
information systems and numerical modelling are being 
progressively employed in different geo-resource domains. The 
characterization method of surface water-groundwater 
exchanges, based on GIS tools, made it possible to determine 
the direction of exchange at each point on top of evaluating the 
exchanged quantity and estimating a relative average balance. 

Nevertheless, the satisfactory results supplied by the GIS 
method, a degree of uncertainty still triumphs, particularly, in 
case the hydrodynamic parameters are inconsistent. Hence, the 
requirement to couple the method by calibration based on 
measures on the ground is recommended. 

Concerning the exchanges with the river, a mathematical 
groundwater flow model can improve the understanding of the 
functioning of the alluvial aquifers, and as a result to better 
manage the water resources. The retrieved results have only 
enhanced the preceding studies, and have given some new 
interpretations of the hydro-system’s behavior of the studied 
area based on hydrodynamic modelling. Indeed, these results 
are of great importance to better represent the conceptual 
model and prepare the input data for groundwater flow model 
which will be a key decision support system for the decision 
makers in water resources management, especially for water 
supply and protection of the aquifer from seawater intrusion. 
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