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PREFACE
The Regional Initiative for the Assessment of Climate Change Impacts on Water Resources and Socio-Economic Vulnerability in the 
Arab Region (RICCAR) is a joint initiative of the United Nations and the League of Arab States. 

RICCAR was launched under the auspices of the Arab Ministerial Water Council in 2010 and derives its mandate from resolutions 
adopted by this council as well as the Council of Arab Ministers Responsible for the Environment, the Arab Permanent Committee for 
Meteorology and the ESCWA Ministerial Session.

RICCAR is implemented through a collaborative partnership involving 11 regional and specialized organizations. The RICCAR Regional 
Knowledge Hub is managed by the Economic and Social Commission for Western Asia (ESCWA) and the Arab Center for the Studies 
of Arid Zones and Dry Lands (ACSAD) with the Food and Agriculture Organization of the United Nations (FAO) hosting the Arab/Middle 
East and North Africa (MENA) Domain data portal.  ESCWA coordinates the regional initiative under the umbrella of its Arab Centre for 
Climate Change Policies.

The technical report was prepared by ESCWA in collaboration with local experts. 

Funding for the guide was provided by the Government of Sweden through the Swedish International Development Cooperation 
Agency (Sida) under a project focused on water and food security in a changing climate context and is implemented by ESCWA. The 
project component provides science-based assessments and analysis of climate impacts on strategic sectors and in transboundary 
water basins to support improved water and food security in the Arab region.  
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Évaluation des impacts des changements climatiques sur les ressources en eau 
souterraines à l'aide des données RICCAR dans l'aquifère de Beni-Amir (complexe de 
Tadla, Maroc)

RÉSUMÉ EXÉCUTIF
L’objectif de ce travail est d’étudier l’évaluation des impacts des changements climatiques sur l’utilisation et la disponibilité des 
ressources en eaux souterraines au Maroc, et en particulier l’exhaure des eaux souterraines du système du complexe aquifère de 
Tadla qui approvisionne en eau plusieurs centres urbains, ainsi que les changements apportés quant à la disponibilité des eaux 
souterraines à exploiter dans les grands périmètres irrigués de la zone agricole de Beni-Amir. Ce dernier est choisi comme un cas 
pilote pour évaluer les impacts des changements climatiques sur les ressources en eau souterraine en exploitant les données et les 
résultats de l’initiative "Regional Initiative for the Assessment of Climate Change Impacts on Water Resources and Socio-Economic 
Vulnerability in the Arab Region" (RICCAR) dans la région Arabe. Le système aquifère est situé dans le bassin d’Oum-Er-Rbia, entre le 
Haut Atlas Central au Sud et les hauts plateaux de phosphate au Nord, et couvre une zone agricole importante qui produit des cultures 
de betteraves pour alimenter trois  unités industrielles sucrières importantes au Maroc. L’aquifère est décrit comme un système 
composé d’unités hydrogéologiques du Plio-Quaternaire. Les ressources en eau de la nappe sont utilisées pour l’alimentation en eau 
potable des agglomérations de la région et l’approvisionnement en eau industrielle des installations Office chérifien des phosphates 
(OCP) et des procédés de lavage du phosphate, outre les besoins en eau de l’agriculture du périmètre irrigué de Beni-Amir dans la 
plaine de Tadla.

Il est prévu que ces ressources en eaux souterraines seront affectées par les changements climatiques en raison de la réduction de la 
recharge naturelle due à une diminution des précipitations et de l’augmentation de l’évapotranspiration provoquée partiellement par 
des températures plus élevées. Par conséquent, un objectif spécifique sur lequel cette étude s’est concentrée est d’évaluer l’ampleur 
de l’impact des changements climatiques et l’exhaure des eaux souterraines par pompage sur la durabilité de ce système aquifère.

Afin d’atteindre cet objectif, les données et les résultats climatiques de RICCAR sont utilisés et des modèles hydrogéologiques sont 
développés et appliqués pour déterminer des régimes d’exploitation durable afin de faire face aux changements climatiques et 
d’assister et éclairer la prise de décision. Un modèle conceptuel tridimensionnel des eaux souterraines a été conçu et a simulé un 
ensemble de processus physiques et comparé, calibré et vérifié avec des observations. Le forçage anthropique et climatique basé 
sur deux scénarios d’émissions (RCPs 4,5 et 8,5) a été mis en place afin d’évaluer les impacts des changements climatiques sur les 
ressources en eau souterraines de l’aquifère. Des modèles de simulation ont aussi conduit à l’établissement des bilans hydriques pour 
des scénarios à long terme afin d’évaluer les impacts sur l’eau et les cultures.

Sur la base de toutes les informations collectées, une base de données électronique préliminaire a été développée (et documentée par 
un rapport) et qui comprend également les données RICCAR pertinentes relatives à la zone d’étude, en plus du jeu de données collecté 
localement, des chroniques, des cartes et des rapports techniques pertinents sur le site d’étude. Cette base de données a permis de 
concevoir un modèle conceptuel physique de l’aquifère de Beni-Amir en trois dimensions.

Un examen des plans régionaux de développement établis par les organismes administratifs (ABHOER et ORMVAT) a été réalisé 
et discuté avec les autorités régionales, afin de formuler les scénarios d’utilisation des eaux souterraines pour les zones urbaines, 
industrielles (industrie du phosphate) et agricoles. En particulier, l’approche technique mise en place pour la planification des ressources 
en eau et les priorités pour 2020-2100 a été longuement discutée afin d’évaluer les données d’entrée projetées sur la base de données 
RICCAR.

Sur la base des données précédentes, un modèle 3D en régime permanent a été développé, qui a été suivi d’un modèle transitoire 
et de gestion développé qui inclut les impacts des changements climatiques sur le système aquifère de Beni-Amir, sur la base des 
données RICCAR et les scénarios choisis (RCPs 4,5 et 8,5) couvrant la période (2020-2100). Ainsi, les résultats sont fournis sous 
forme de cartes piézométriques projetées, des bilans hydriques et des séries chronologiques de rabattements prévus qui ont été 
établis pour montrer les impacts des changements climatiques sur la gestion des eaux souterraines dans ce système aquifère.

Les principaux résultats de cette étude confirment que les ressources en eaux souterraines de l’aquifère de Beni-Amir seront 
affectées par les changements climatiques, en raison de la réduction de la recharge naturelle due à une diminution des précipitations 
(la moyenne sera de 20 pour cent  inférieure à la fin du siècle pour le RCP 4,5; et 50 pour cent de moins pour le RCP 8,5). Pour 
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l’évapotranspiration, l'augmentation est causée en partie par des températures plus élevées (la moyenne des températures 
augmentera d’environ 2°C pour le RCP 4,5 et de plus de 4°C d’augmentation pour le RCP 8,5 à la fin du siècle). En termes de bilans 
hydriques du système aquifère, le scénario RCP 8,5 a donné des bilans faibles par rapport à ceux obtenus pour le scénario RCP 4,5. Ils 
sont dans la plupart des cas inférieurs à 160 mm3 avec un minimum de 131 mm3 qui serait enregistré à la fin du siècle. En revanche, 
les bilans hydriques obtenus par le scénario 4,5 se situent entre 200 et 151 mm3. Malgré la baisse générale du bilan hydrique au 
cours de la période 2020-2100, elle ne sera pas aussi importante que pour le scénario RCP 8,5. Cette réduction du bilan hydrique 
s’accompagnera par des rabattements de la nappe phréatique pour les deux scénarios variant de 10 m (RCP 4,5) à plus de 25 m (RCP 
8,5) ce qui rendra certaines zones aquifères complètement sèches. Cependant, les résultats pour le RCP 8,5 sont inquiétants car de 
grandes parties de l’aquifère seraient partiellement sèches (plus de 68 km2 pour la deuxième couche) et une zone sèche complète 
dans le nord couvrant 4 km2, tandis que pour le scénario RCP 4,5, l’asséchement sera limité à une petite partie au nord (1 km2).

Les résultats obtenus par diverses simulations des modèles utilisant les données RICCAR sont d’une grande importance en tant 
qu’informations clés pour les décideurs, en particulier régionaux, concernant l’avenir de l’exploitation durable des ressources en eaux 
souterraines dans l’aquifère. En effet, les résultats du scénario RCP 8,5 présentent un grand danger pour l’avenir de l’agriculture et 
de l’irrigation dans la zone d’étude, car certaines exploitations du nord seraient abandonnées en raison de l’indisponibilité des eaux 
souterraines. En revanche, les résultats du scénario RCP 4,5 sont moins inquiétants, mais nécessiteront une gestion rationnelle et 
économique des ressources en eau de la zone d’étude.

En guise de conclusion et sur la base des résultats obtenus, les recommandations qu’on peut formuler sont principalement liées à 
l’adaptation aux impacts des changements climatiques sur les ressources en eau souterraine dans la zone d’étude par:

·	 La reconversion de l’irrigation par gravité en irrigation localisée (goutte à goutte) sur tout le périmètre irrigué, ce qui permettrait 
d’économiser plus de 50 pour cent  des eaux de surface des barrages; les superficies concernées par cette action sont de 28 500 
hectares et cultivent principalement des produits maraîchers, betteraves, fourrages, céréales et culture fruitière.

Cependant, ces actions auront un impact très négatif sur la recharge de l’aquifère et mettront ainsi en danger les périmètres irrigués 
par pompage, notamment en aval et en dehors de la zone d’étude:

·	 Les surfaces irriguées au niveau des périmètres de pompage à l’intérieur du grand système hydraulique font environ 12 600 ha.

·	 Pour le périmètre "bour" (hors périmètre irrigué) cultivé dans le nord et le nord-ouest, sa superficie est estimée à 79 300 ha, dont 
69 000 ha d’assolement des cultures correspondant aux céréales tandis que le reste est couvert de cultures fourragères et de 
légumineuses qui représentent respectivement 10,5 et 2,5 pour cent des assolements. Ces dernières, qui totalisent généralement 
10 300 ha, sont irrigués par les eaux souterraines.

·	 Adaptation des cultures actuelles à des cultures économes en eau et plus résistantes aux changements climatiques, tant dans le 
périmètre irrigué qu’en dehors de ce périmètre.
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PROBLEM STATEMENT
Morocco currently faces major water challenges related to water scarcity, the sustainable management of water resources and the 
delivery of water services for domestic, agricultural and industrial uses. Climate change and climate variability can increase the risks 
and costs of water resources management, have an impact on the quantity and quality of water resources and generate secondary 
effects that influence climate resilience. Hence, a clear understanding of these risks and impacts is necessary to inform policy 
formulation and decision making in support of efforts to achieve sustainable development in Morocco in a changing climate context.

Climate change influences groundwater systems both directly through water available for recharge and indirectly through changes in 
groundwater abstraction and use patterns. Projected decreases in precipitation and change in frequency of extreme events, including 
droughts and floods, are expected to affect groundwater recharge. As agriculture is the largest user of groundwater in Morocco, 
groundwater-fed irrigation is projected to increase as a buffer against climate extremes and will affect renewable and non-renewable 
groundwater systems.

The Regional Initiative for the Assessment of Climate Change Impacts on Water Resources and Socio-Economic Vulnerability in the 
Arab Region (RICCAR)1 has shown that the Arab region will experience rising temperatures and largely decreasing precipitation, as 
well as changes in runoff and recharge. More specifically, precipitation trends will be largely decreasing across the Arab region to mid-
century, with a reduction of about 90 mm in average annual precipitation for the Atlas Mountains under RCP 8.5. By the end of the 
century, both scenarios project a reduction of the average annual precipitation of between 90 and 120 mm/year in the coastal areas 
along the southern Mediterranean, including the Moroccan Highlands.

OBJECTIVE OF THE STUDY
The objective of the study is to assess the impacts of climate change on groundwater resources use and availability in Morocco, 
particularly groundwater abstraction and changes in groundwater availability in the Tadla aquifer complex system. This aquifer 
system supplies water to several urban centres, as well as large irrigation schemes in the Beni-Amir agricultural area. The study 
will also identify the primary and secondary implications for socioeconomic vulnerability in Morocco created by these impacts and 
propose recommendations for enhancing climate resilience in the light of the technical findings. This will contribute to enhancing 
regional understanding of climate resilience.

Background and methodology

The Tadla aquifer system (Beni-Mellal–Fquih Ben Salah–Khouribga) in Morocco will be used as a pilot case to assess the climate 
change impacts on groundwater resources using RICCAR data and outputs. The Tadla complex aquifer system is located in the Oum 
Er Ribia basin, between the High Central Atlas in the south and the phosphate highlands in the north of the country and covers an area 
of approximately 10,000 km2. It is described as a multilayer system made up of four closely dependent main hydrogeological units, 
ranging in age from Turonian to Plio-Quaternary. It is the main supplier of water resources for drinking water of several urban centres 
of the area, for the industrial water supply of the Office chérifien des phosphates (OCP) installations and the processes of phosphate 
washing, and it provides the water requirements for agriculture in the large irrigated perimeters of Tadla.

It is projected that these groundwater resources will be affected by climate change from reduced natural recharge from decreased 
precipitation and increased evapotranspiration, caused in part by higher temperatures. The objective of this study site is to evaluate 
the scale of the impact of climate change and groundwater abstraction on the sustainability of this aquifer system. Climatic and 
hydrogeological models will be developed and applied for determining sustainable exploitation regimes to cope with climate change 
and to inform decision making. A three-dimensional conceptual groundwater model, designed to simulate a comprehensive set of 
physical processes, was compared, calibrated and verified with observational data. Anthropogenic and climate forcing based on two 
emission scenarios were also implemented in order to assess impacts of climate change on the groundwater system. Simulation 
models are used to assess the water balance and long-term impacts on soil, water and crops under different scenarios. Subsequently, 
recommendations are made for the adaptation to climate change impacts on groundwater resources in the study area under different 
climate change scenarios. The modelling application was pursued using RICCAR geospatial database and climate change projections, 
hydrological/hydrogeological coupled modelling as well as other data sources from the local organisms and stakeholders.

A review of existing development regional plans in the administrative areas served by the Tadla aquifer system (Hydraulic Basin 
Agency of Oum-Er-Rabia, ABHOER and ORMVAT) was conducted, in order to formulate three groundwater use scenarios for urban, 
industrial (phosphate industry) and agricultural use (business-as-usual, low, high) and included the following:
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·	 Collection of relevant technical reports, field data and maps of the Tadla aquifer system (including geological maps, soil maps, 
meteorological records, hydrological records, hydrogeological records, water use records and zoning maps).

·	 RICCAR data and relevant datasets and outputs for the study area provided by ESCWA, especially precipitation (P), temperature (T), 
evapotranspiration (ET0) and hydrological data.

·	 Five field visits were made to the site and to local organizations responsible for the management of water supply and irrigation in 
the area; constructive meetings took place and data and technical reports were also collected.

·	 Several meetings were held to estimate projected input data based on RICCAR data such as projected surface water allocation for 
irrigation, projected pumping well rates, natural recharge and irrigation recharge which depends on crop needs and soil type.

Based on all collected information, a preliminary digital database was developed (documented by a report) which also included 
the RICCAR data relevant to datasets and outputs of the study area, in addition to the initial collected dataset, records, maps and 
referenced studies relevant to the study site. This enables:

Analysis of climate change on water resources in the Tadla aquifer system based on the two RICCAR climate change scenarios (RCPs 
4.5 and 8.5) and groundwater use scenarios, which entailed:

·	 Drawing upon RICCAR regional climate modelling projections and regional hydrological modelling outputs as the basis for 
generating an analysis of climate change impacts on the Oum-Er-Rbia basin.

·	 Constructing a conceptual three-dimensional groundwater model of the Tadla aquifer system with the aim of producing a series 
of hydrogeological impacts simulations for groundwater systems for different regional climate projections (RCPs 4.5 and 8.5) and 
groundwater use scenarios.

·	 Three-dimensional steady-state model, which is followed by a developed transient and management model that includes the 
effects of climate change on the Tadla aquifer system using RICCAR outputs and hydrological modelling and coupling for RCPs 
4.5 and 8.5, across the same time periods (2020-2100). For this purpose, predicted piezometric maps and time series of predicted 
drawdowns were produced to show the climate change impacts on groundwater management of the Tadla aquifer system.
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1 DIGITAL DATABASE

A. Introduction

The phosphate plateau and Tadla plain is one of the most water-productive areas of the central part of Morocco and also a fertile area 
for agriculture. The aquifer system here was formed during the Mesozoic-Cenozoic era, which followed the Paleozoic era. This area is 
renowned for its interest in achieving industrial, economic and social development and it is expected that population growth coupled 
with progressive economic development will increase the demand for water for irrigation, drinking and industrial use. In addition, 
climate change will adversely impact aquifer recharge and groundwater levels, resulting in a constantly increasing gap between 
supply and demand.

The Beni-Amir aquifer, subject of this study, extends over a part of the irrigated perimeter area of Tadla (first and oldest irrigated area 
in Morocco) and covers an area of approximately 1,827 km2. This aquifer is located in the watershed of the Oum-Er-Rbia river, one of 
the great rivers of Morocco.

In order to develop a Geographic Information System (GIS) database to prepare a groundwater management model of the Beni-
Amir aquifer, various available data on the aquifer and water resources need to be gathered  and complemented by other data and 
information obtained through additional field works and visits to various regional organizations (Hydraulic Basin Agency of Oum-
Er-Rabia (ABHOER), Department of Water Research and Planning (DRPE), Regional Office of Agricultural Development of Tadla 
(ORMVAT), National Office of Drinking Water of Khouribga town (ONEE), Provincial Department of Agriculture of Khouribga and Settat 
(DPA), Mohammadia School of Engineers (EMI) and RICCAR data from ESCWA).

After consulting technical reports, article2 and data sheets (Water Resources Inventory, IRE) regarding the study area, it was found 
that the majority are available only in hard copy, causing problems and disadvantages in their use, especially for this study and any 
future studies. In addition, these documents remain largely inaccessible, fragmented and unorganized and need to be updated to 
ensure control, monitoring and management. Furthermore, it is often difficult to crosscheck information from different sources when 
it comes to developing thematic maps and especially when the scales are different. Currently, these databases and GIS provide a 
greater capacity to complete the necessary tasks by providing the opportunity to acquire, store, organize, manage, analyse, process 
and update the spatial data and better represent them in digital format and in synthetic thematic maps, graphs and diagrams (key to 
making decisions for water planning and management).

Consequently, for the purposes of this study, the development of a digital geodatabase under GIS is crucial in order to better represent 
the conceptual model of the aquifer system and to prepare the input data required by the groundwater model.

B. Development of a GIS database of the Beni-Amir aquifer

In this section, ArcGIS desktop applications “ArcCatalog, ArcMap and ArcScene” are used for the development of a geodatabase under 
GIS for the Beni-Amir aquifer. This hydrogeological database comprises data relating to the various aspects of water resources of the 
study area which are collected from various local and regional partners and organizations (ABHOER, DRPE, ORMVAT, ONEE-Khouribga 
and DPA-Khouribga and DPA-Settat, EMI, RICCAR, etc.). In the future, this database could be used by managers and decision makers 
as a decision support tool to better plan, manage and control the groundwater resources of the Beni-Amir aquifer system. 

There are several stages in the development of a GIS database of the Tadla complex and more specifically of the Beni-Amir aquifer, 
consisting of data acquisition, spatial reference coordinate system and data management format.

1. Data acquisition

Data acquisition is the most expensive step in the establishment of the database. It consists of collecting various aspects of data 
related to water resources of the study area and integrating them into the hydrogeological database. For example, the data forming 
this database were collected from various local and regional organizations (ABHOER, DRPE, ORMVAT, ONEE-Khouribga and DPA-
Khouribga and DPA-Settat, EMI and RICCAR) and generally in hard copy (reports, data sheets, listings, tables, maps and diagrams). 
These raw data were included via the input of alphanumeric data, scanned maps, profiles and cross sections and digitized spatial 
entities, including their characteristics and descriptive semantic data. However, RICCAR data were provided in shapefiles (*.shp) and 
text files (*.txt) formats.
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2. Spatial reference coordinate system

The integration of all data collected within a geographic information model, their display, their superposition and their cross-
referencing all require strict prior harmonization of the spatial coordinate system. All data of a geographical character (vector objects, 
pictures or raster data grid) must be represented in the same spatial geographical coordinate system or projected system.

The cartographic spatial coordinate system chosen for the processing of the geographical coordinates and the integration of 
geographic data with respect to the studied area corresponds to the Lambert Conformal Conic Zone 1 (Morocco) with the following 
parameters (table 1).

TABLE 1: Spatial coordinate system chosen that corresponds to the Lambert Conformal Conic Zone 1 (Morocco)

  Morocco LCC Zone 1

Projection Lambert Conformal Conic

False easting 500 000

False northing 300 000

Central meridian -5.4

Scale factor 1

Latitude of origin 33.3

Linear unit Metre

GCS Merchich degree

Datum Merchich

Source: Authors.

3. Data management format

The ArcCatalog application of ArcGIS tool allows us to design databases, manage spatial data inventory, create geo-databases, 
identify and organize geographic data, display and update metadata. The hydrogeological database developed has two sub-sections:

The main established subsection is called “Geodatabase_Base_Donnees.mdb”. It includes vector objects classified according to their 
thematic, a raster catalog and the data grids and tiles (TIN) used for continuous data representation. In detail, the vector objects of 
this geodatabase represent a series of feature datasets that include blankets of the related entities. The feature classes describe the 
various aspects and subthemes related to water resources in the study area, as illustrated below in figure 1 which provides a detailed 
explanation of the database structure and its content.

The following data formats are supported in the design of the GIS database of the Beni-Amir aquifer:

·	 Vector spatial data in “Shapefile” format (*.shp and associated files).

·	 Personal geodatabase (PGDB) in *.mdb format which is a spatial and relational database, containing the geographic objects in a 
single file (points, arcs, polygons and raster) and all tabular associated information.

·	 Quantitative and qualitative tabular data, organized in Excel files such as the Regional_RICCAR_DATA folder and again in 
Geodatabase files (tables in figure 1 and an example of display in figures 3 and 4 showing cells 85 and 86 of the RICCAR data that 
cover the study area; figure 2). For local data, tables are organized in shapefiles with geographic entities whose location is defined 
by their spatial coordinates.

·	 Raster spatial data in picture format.

·	 Raster spatial data in data grid format (*.grd), such as thematic maps.

·	 Graphics data series established from Excel tables and again integrated into a Regional_RICCAR_DATA folder; such as P, T and 
hydrological series for various regional climate modelling (regional climate model, RCM) models and other local data.
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FIGURE 1: Geodatabase structure with thematic menu including the Tadla complex and Beni-Amir databases
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Source: Authors.
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FIGURE  2: Location of cells 85 and 86 (RICCAR data) covering the study area which is included in the Tadla_Complex_Phosphate Plateau Zone
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Source: Authors.

FIGURE 3: Precipitation projections table (CNRM-CM5/RCP 4.5) extracted from RICCAR data and integrated into the Geodatabase (Cells 85 
and 86 cover the study area)
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FIGURE 4: Temperature projections table (CNRM-CM5/RCP 4.5) extracted from RICCAR data and integrated into the Geodatabase (Cells 85 and 
86 covering the study area)

Source: Authors.

The second geodatabase section is called the “Geodatabase_Mathematic_Model.mdb” and contains preliminary data concerning the 
groundwater conceptual model, such as the model structure, geometry, network mesh and boundary conditions of Beni-Amir aquifer 
system. The steady and transient models and predicted/management model will be integrated later with the main results, using 
RICCAR projection data.

4. Exploring the database

The contents of this database are visualized under the ArcMap application interface of ArcGIS desktop. ArcMap is where we display 
and explore GIS datasets for our study area, where we assign symbols, and where we create map layouts for printing or publishing. 
ArcMap is also the application used to create and edit datasets.

Figure 5 illustrates the Oum-Er-Rbia watershed with various information layers, including the Tadla plain complex, where land-use 
data were extracted from RICCAR and integrated into the database. In addition, in figure 6, in the Beni-Amir database, the geology 
layers and the geological map can be viewed, queried, edited, and published. This database was developed to be user-friendly and 
facilitate the display, consultation and exploitation of information layers grouped by theme. It was structured to reflect the different 
information blocks and themes related to the characterization and exploitation of water resources of the Beni-Amir aquifer.

Each layer of this data block (group of layers) shows the location of the spatial entities, their type and what characterizes them. 

It should be noted that in addition to the “Tadla-Complex Database” and “Beni-Amir Database” subsections, a third subsection 
database is planned for the mathematical model of the Beni-Amir aquifer.
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FIGURE 5: List of themes (e.g., land use generated from RICCAR data) selected on the left and their display on the right to view the land-use 
map of the Tadla complex plateau of phosphates

Source: Authors.

Source: Authors.

FIGURE 6: List of themes (e.g., geology generated from the local data) selected on the left and their display on the right to view the geological 
map of the Beni-Amir aquifer system
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Source: Authors.

5. Exploitation of the hydrogeological geodatabase

This section shows the results of the development of the database to produce decisional thematic maps and diagrams, providing 
water resources managers with more layers of information. The thematic layers obtained were organized according to the needs of 
managers and decision makers. This action facilitated consultation, customization and duplication of information in relation to the 
various aspects of water resources.

a. RICCAR data

Datasets used in this assessment comprise a combination of regional climate modelling projections data generated from RICCAR 
and a set of local observation datasets for precipitation, temperature and hydrological data for our study area3. Table 2 describes the 
RICCAR data type, the RCM models, RCP scenarios, the series periods, in addition to other parameters, as follows:

·	 Monthly precipitation (mm) over time (1986-2100) in the study area for various RCM models and 2 RCP scenarios. 

·	 Mean temperature (°C) over time (1986-2100) in the study area for various RCM models and 2 RCP scenarios.

·	 Simulated flow over time (1979-2100) in Ouled Sidi Driss sub-basin (ID: 17701) (EC-EARTH/RCPs 4.5 and 8.5) (location figure 11).

·	 Simulated flow over time (1979-2100) in Mechra Ed Dahk sub-basin (ID: 5642) (EC-EARTH/RCPs 4.5 and 8.5) (location figure 11).

·	 Simulated flow over time (1979-2100) in Dchar El Oued sub-basin (ID: 22) (EC-EARTH/RCPs 4.5 and 8.5) (location figure 11).

TABLE  2: Available data of RCMs with respect to Morocco collected from RICCAR database

Data Climatic model Emissions scenario Period  Missing data in the
series

Unit

Precipitation

CNRM-CM5
RCP 4.5 1986-2100 No mm/month

RCP 8.5 - mm/month

EC-EARTH
RCP 4.5 - No mm/month

RCP 8.5 - mm/month

GFDL-ESM2M
RCP 4.5 - No mm/month

RCP 8.5 - mm/month

Temperature

CNRMCM5
RCP 4.5 1986-2100 No mm/month

RCP 8.5 - mm/month

EC-EARTH
RCP 4.5 - No mm/month

RCP 8.5 - mm/month

GFDL-ESM2M
RCP 4.5 - No mm/month

RCP 8.5 - mm/month

Hydrology (HYPE model)

CNRM-CM5
RCP 4.5 1979-2100 No m3/s

RCP 8.5 1979-2100 No m3/s

EC-EARTH
RCP 4.5 1979-2100 No m3/s

RCP 8.5 1986-2100 No m3/s

GFDL-ESM2M
RCP 4.5 1979-2100 No m3/s

RCP 8.5 1986-2100 No m3/s

Hydrology (VIC model)

CNRM-CM5
RCP 4.5 1980-2100 m3/s

RCP 8.5 1980-2100 m3/s

EC-EARTH
RCP 4.5 1980-2100 m3/s

RCP 8.5 1980-2100 m3/s

GFDL-ESM2M
RCP 4.5 1980-2100 m3/s

RCP 8.5 1980-2100 m3/s

Land use – Land cover - Not	identified - -

Soil - - - -
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Based on the RICCAR data included in the database, various examples of thematic maps and plots of climatic parameters versus time 
may be presented that summarize and show the updated knowledge on the climatology, hydrology and land use of our study area. 
Figures 7, 8, 9, 10, 11, 12, 13 and 14, show the evolution of projected P, T for various climate models and scenarios; in addition, for 
hydrology, the appropriate RICCAR sub-basin that coincides with the gauging station in the study area was selected in order to display 
the plots showing the variation of projected hydrological data versus time. The main trends of all the parameter variations are also 
provided to analyse and measure the climate change trend.

FIGURE 7: Precipitation (mm/year) over time in the study area, 1986-2100 (CNRM-CM5/RCP 4.5)

FIGURE 8: Mean temperature (°C) over time in the study area, 1086-2100 (CNRM- CM5/RCP 4.5)

Source: Authors.

Source: Authors.
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Source: Authors.

Source: Authors.

FIGURE 9: Precipitation (mm/year) over time in the study area, 1986-2100 (CNRM-CM5/RCP 8.5)

FIGURE 10: Mean temperature (°C) over time in the study area, 1986-2100 (CNRM-CM5/RCP 8.5)
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FIGURE 11:	Simulated	flow	over	time	in	Mechra	Ed	Dahk	sub-basin	(ID:	5642),	1979-2100	(CNRM-CM5/RCPs	4.5	and	8.5)
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FIGURE 12:	Simulated	flow	over	time	in	Mechra	Ed	Dahk	sub-basin,	1979-2100	(ID:	5642)	(EC-EARTH/RCPs	4.5	and	8.5)

Source: Authors.

Source: Authors.

FIGURE 13:	Simulated	flow	over	time	in	Mechra	Ed	Dahk	sub-basin	(ID:	5642),	1979-2100	(GFDL-ESM2M/RCPs	4.5	and	8.5)
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FIGURE 14: Land use of the Beni-Amir study area
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b. Local organization data

In this section, some examples of thematic maps are shown which summarize and synthesize the updated knowledge on these 
maps in the study area. These maps also provide information on several parameters in space and time of the Beni-Amir aquifer, such 
as the digital elevation model (DEM), climatology, geology, hydrogeology, observation wells, pumping wells, piezometric records, 
hydrodynamics, hydrogeological functioning, irrigation extension, etc. These maps, derived from various data processing activities, 
are available to managers and different water resources stakeholders in the Beni-Amir area. Consequently, they will facilitate decision 
making on integrated management and implementation of the protection and monitoring policies.

Figures 15, 16, 17, 18 and 19 show examples of these thematic maps.

Source: Authors.
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Source: Authors.

Source: Authors.

FIGURE 15: Digital elevation model of the study area

FIGURE 16: Density of groundwater wells in the study area
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FIGURE 17:	ABHOER	piezometric	network	in	the	study	area

FIGURE 18:	ORMVAT	piezometric	network	in	the	study	area
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Source: Authors.

FIGURE 19: Elevation of the quaternary aquifer basement in the study area
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6. Hydrogeology

The hydrogeology theme includes maps and relevant data, which allow understanding of the spatial and temporal functioning of the 
Beni-Amir aquifer. It includes the hydrodynamic parameter maps of the aquifer, the piezometric maps and the piezometric records of 
the groundwater level.

The groundwater piezometry can be viewed under the “Piezometry” layer through three types of classes: piezometric network (figure 
20), piezometric maps (figure 21) and piezometric records (figure 22). 
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FIGURE 20: Map of the irrigated area extent (≃ 48,000	ha)	and	representative	piezometric	network	of	ABHOER

Source: Authors.

Source: Authors.

FIGURE 21: Piezometric map in the irrigated perimeter area, 2015-2016
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Source: Authors.

FIGURE 22: Representative ABHEOR piezometric records in the study area
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These are just some examples of diagrams and thematic maps produced from the database derived from local data. Their analysis 
and interpretation for assessing groundwater resources, in particular the water balance and its evolution versus time, is explained in 
the main report of this ESCWA-RICCAR study.

7. Conceptual model of the study area

Based on a number of data from topography, geology and hydrogeology organized in the database, a conceptual model was designed and 
also integrated into this database as illustrated in figure 23. The models in steady and transient conditions will be also integrated in the 
database to facilitate their use, especially with the several information layers, in order to analyse the impact of climate change in the area.

FIGURE 23: Plan view of spatial discretization for the numerical model showing the inactive cells and the active cells

Source: Authors.
Note: The inactive cells are represented in green and the active cells in white.

8. Organization of different information layers

Organizing different layers of information into the form of thematic maps and block layers allowed us to develop a conceptual 
model of the Beni-Amir aquifer system. This model forms the base for developing a mathematical model for the study area. In 
general, the information layers containing spatial entities to which are associated attribute data, quantitative/qualitative data and 
spatial-temporal data, include various aspects of the aquifer and water resources in the Beni-Amir area. Based on the input of this 
database, future work will involve the development of steady, transient and management models of the Beni-Amir aquifer system.

C. Conclusion

The analysis of data collected from different sources and provided in various formats, was processed and organized into a common 
database with spatial reference coordinates. A hydrogeological geodatabase was developed for the Tadla complex aquifer systems 
and in more detail for the Beni-Amir aquifer system in order to facilitate improved use in GIS. The RICCAR data dealing with 
projections of precipitation, temperature and hydrological parameters was also integrated into this database. Several thematic maps, 
especially dealing with water resources were produced as a result to be used by decision makers. These products of the GIS database 
made it possible to update the water balance and construct the conceptual model of these aquifers. 

This hydrogeological geodatabase based on local/regional data and supplemented by RICCAR projections data will be used to study 
the impacts of climate change on groundwater resources and socioeconomic vulnerability in the study area, where pumping and 
irrigation are intensively used.
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This database contains all the updated information on the aquifer and water resources in the study area: topography, hydrology, 
climatology, geology, aquifer geometry, hydrogeology, use of water resources, water quality, projection results from RICCAR, etc.

Consequently, this database will be also used to support a set of groundwater simulations based on Visual MODFLOW code and to 
develop a mathematical model in steady state and transient flow in this aquifer using RICCAR data to assess present and future 
groundwater recharge, and the induced groundwater level and the water balance.

2 NUMERICAL SIMULATIONS USING RICCAR DATA FOR THE ASSESSMENT 
OF CLIMATE CHANGE

A. Introduction

Background

The objective of this study site is to evaluate the scale of the impact on the sustainability of this aquifer system of climate change and 
groundwater abstraction by pumping. For this purpose, climatic and hydrogeological models were developed and applied to determine 
sustainable exploitation regimes to cope with the climate change to inform decision making. A three-dimensional conceptual 
groundwater model was designed to simulate a comprehensive set of physical processes. The model was compared, calibrated and 
verified with observational data. Anthropogenic and climate forcing based on two emission scenarios were implemented in order to 
assess impacts of climate change on the groundwater system. Simulation models were used to assess the water balance and long-
term scenarios and long-term impacts on soil, water and crops. Subsequently, recommendations were drawn up for the adaptation to 
climate change impacts on groundwater resources in this region under different climate change scenarios. The modelling application 
was pursued using RICCAR climate change projections and hydrological/hydrogeological coupled modelling and draw upon the 
RICCAR geospatial database as well as other data sources from the local organizations.

The database, developed in chapter 1, which includes the RICCAR data relevant to datasets and outputs of the study area, was used 
to prepare input for steady and transient models. The analysis of climate change on water resources in the Tadla aquifer system was 
based on the two RICCAR climate change scenario (RCPs 4.5 and 8.5) and groundwater scenario use. The modelling phase included:

·	 Constructing a conceptual three-dimensional groundwater model of the Tadla aquifer system with the aim of producing a series 
of hydrogeological impacts simulations for groundwater systems for different regional climate projections (RCPs 4.5 and 8.5) and 
groundwater use scenarios.

·	 A three-dimensional model in steady state, followed by a developed transient and management model that included the effects 
of climate change on the Tadla aquifer system using RICCAR outputs and hydrological modelling and coupling for RCPs 4.5 
and 8.5, across the same time periods (2020-2100). For this purpose, predicted piezometric maps and time series of predicted 
drawdowns, in addition to water balances, were produced to show the climate change impacts on groundwater management of 
the Tadla aquifer system.

B. Hydro-agricultural development of the area

The Beni-Amir agricultural area is supplied from the Ait Messaoud-Ahmed El Hansali hydraulic complex reservoir. It is important to 
note that owing to the water shortage that Oum-Er-Rbia is experiencing, in particular in summer when its flow can be reduced to 10 
m3/s that the planning and equipment of the perimeter is reduced to 28,000 ha and this for an annual allocation of 280 mm3. This 
allocation will increase to 420 mm3/year after the completion of the construction dam of the Dchar El Oued, between Kasba Tadla and 
Khenifra, which can increase the area irrigated by surface water to around 35,000 ha.

1. History of the hydro-agricultural development of the Beni-Amir area

The agricultural development by irrigation of the Tadla perimeter greatly modified the permanent balance of the water table located 
at the perimeter. Indeed, it turned out that the progress of the equipment and planning works of the perimeter had a direct impact on 
the hydrodynamic of the water table. For this reason, it seems imperative to recall the history of the hydro-agricultural planning of the 
Beni-Amir area in order to understand the groundwater evolution.
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The Beni-Amir perimeter is one of the oldest irrigated perimeters in Morocco. The good quality of soils and availability of water 
resources prompted the installation of large-scale hydraulic equipment, with the first irrigation projects dating back to 1925; the 
initial work was carried out between 1929 and 1936 with the construction of the small Kasba Tadla diversion dam, supplied directly 
by water from the Oum-Er-Rbia river.

From 1937 to 1947, the main civil engineering work and the equipment of 18,000 ha for irrigation were completed. In 1947, the 
significant rise of the water table, leading to the emergence of groundwater, forced the suspension of work between 1947 and 1950 in 
order to return to drainage works to lower the groundwater table. Between 1950 and 1960, self-supporting concrete canals replaced 
the traditional irrigation network in land over an area of 10,000 ha. The drainage network was extended from 1956 to 1960 and its 
action was complemented by pumping for agricultural purposes and for drinking and industrial water supply demands. Between 
1960 and 1983, the perimeter modernization continued with the recalibration of some sections of the Beni-Amir main canal, the 
construction of the eastern median canal and the modernization of most of the development centres which brought the impoundment 
area to 20,446 ha (table 3). 

TABLE  3: Evolution of the irrigated areas during modernization (CDAs 501, 502, 503, 504, 506, 507)

Year 1975 1976 1977 1978 1979 1980 1981 1982 1983

Cumulated irrigated area in ha 3 486 6 496 9 291 11 201 11 691 12 891 17 663 18 893 20 446

Source: Authors.

In a second set of projects, an irrigated sector was established using pivot groundwater pumping to the north and northwest of the 
irrigated area covering 3,730 ha. Additionally, the construction of the Dchar El Oued dam will reinforce water supply for irrigation in 
the Beni-Amir perimeter to reach an allocated capacity of 420 mm3/year. It is planned to modernize the irrigation system for 7,727 
ha currently irrigated (CDAs 505 and 508), extend irrigation to the west of Fquih Ben Salah city over approximately 7,515 ha and 
improve private pumping  over approximately 3,329 ha. Similarly, it is planned to recalibrate the main structures and head structures 
to increase their capacity to 26 m3/s.

It should be noted that the Beni-Amir irrigated area is subdivided into agricultural support structures called Agricultural Development 
Centres (CDAs). Figure 24 shows the distribution of these modernized centres over the area (12). They bring the area irrigated by 
surface water to around 35,000 ha and a total area exceeding 38,000 ha by adding the groundwater pumping sectors.

FIGURE 24: Distribution of the Agricultural Development Centres in the area

Source: Authors.
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2. Agricultural development and crop rotation in the Beni-Amir area

Before the advent of irrigation, the economy of the plain of Tadla focused first, on extensive agriculture, mainly cereal, subject to the 
terrible climatic hazard of insufficient and irregular rainfall, and second, on extensive but not very efficient livestock farming. This 
traditional way of life was completely changed by the introduction of irrigation.

Hydraulic developments led to the significant economic activities being developed in the agricultural, agro-industrial and urban 
sectors. Intensive agriculture, which currently covers 124,730 ha of irrigated plain land, is based on modern production methods and 
revolves around the cultivation of cereals, sugar beets, olives, cotton, citrus fruits and modern livestock farming. The averages for the 
last 14 years of the yields of the main crops grown are shown in table 4, and figure 25 illustrates the surface area covered by each 
culture and its percentage. Rosaceae fruit include apple, apricot, plum and nectarine peach trees. The vegetable sector is very diverse 
in the Tadla irrigated perimeter: 34 species are farmed, mainly onion, potato, watermelon, melon, broad bean, a red pepper known 
as niora in Morocco, carrot and turnip. However, agriculture in the Beni-Amir area is limited by the salinity problem of the soils and 
irrigation water and niora is grown on almost 1,000 ha.4 The gross yield generated from these crops is estimated at almost 2 billion 
dirhams. As for livestock farming in the Beni-Amir, sheep and cattle are estimated to number 192,500 and 68,000 head respectively, 
producing 106 million litres of milk and 13,500 tonnes of meat.

FIGURE 25: Distribution of the cultivated area by species

Fodder
17,650 ha
36.58%

Olives
10,775 ha
22.33%

Cereals
10,950 ha
22.7%

Sugar beet
4,200 ha
8.7%

Vegetables
1,470 ha
3.05%

Pomegranates
1,400 ha
2.9%

Rosaceae
1,605 ha
3.33%

Citrus
200 ha
0.41%

TABLE 4: Average yield and gross revenue from the main crops cultivated

Crop Sugar beet Cereals Fodder Olives Citrus Rosaceae fruit Pomegranates Vegetables

Area (ha) 4 200 10 950 17 650 10 775 200 1 605 1 400 1 470

Average yield 
(tonnes)

273 000 54 750 1 059 000 43 100 5 000 56 175 39 200 51 450

Gross revenue 
(millions Dh)

177.45 150.5625 794.25 258.6 15 308.9625 156.8 128.625

Source: Authors.

Source: Authors.
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C. Conceptual model of the Beni-Amir aquifer

Solving a saturated porous media flow problem by mathematical modelling consists of finding the distribution in time and space 
of the variable values, such as the hydraulic heads and/or the pollutant concentrations. In order to carry out the integration of the 
differential equations describing the flow and pollutant transport in the study area by a numerical method, first the system must be 
defined with its parameters, its geometry and its input variables (source terms) in space and sometimes in time when it comes to 
transient flow/transport. It is then necessary to establish the conceptual model of the processes to be simulated on an idealized 
domain; this is the most important step in the simulation procedure.

Hence, the conceptual model of the Beni-Amir aquifer was established based on the hydrogeological analyses, the hydrodynamic 
parameters and the spatial and temporal variations of the piezometry of the aquifer, which allowed the hydrogeological functioning 
of the Plio-Quaternary aquifer of Beni-Amir to be understood and characterized. The database developed in this project was used to 
establish this conceptual model.

1. Boundaries and discretization of the study area

The subject area of the modelling work corresponds to the irrigated area of Beni-Amir and includes the areas irrigated by the surface 
water and/or the exploitation of the groundwater wells. This area is located between the Oum-Er-Rbia river, to the south, and the main 
irrigation channel of Beni-Amir, to the north, and covers an area of 592 km2.

The discretization scheme used is the finite difference method, which is often successfully applied in the study of regional 1D, 2D or 
near 3D multilayer problems for which average degrees of accuracy are required.

The 3D discretization of the domain is performed using a network of blocks. In the plane (X, Y), the water table is cut into square cells 
of 500 m side oriented along the main Cartesian axes. Thus, the idealized domain has 85 columns (86 nodes) along the X axis and 51 
lines (52 nodes) along the Y axis. The number of active cells is 2,368, including 122 boundaries (figure 26). Vertically, a three-layer 
system is used. The heights of the cells are variable and correspond to the thicknesses of the geological entities. Finally, the 3D model 
has 7,104 active cells, 85 columns (i = 1, ..., 86), 51 lines (j = 1, ..., 52) and 3 layers (k = 1,2,3).

FIGURE 26:	Discretization	of	the	simulated	domain	by	the	finite	difference	method
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Source: Authors.
Note: The cells in blue represent the inactive cells.
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Source: Authors.

2. Type and reservoir configuration

As mentioned in the database, where the hydrogeology of the aquifer is fully studied, the Beni-Amir water table is contained in a complex 
represented by a range of facies consisting of clay marl, marl-limestone, lacustrine limestone, silt, polygenic conglomerate, etc.5 

Generally, these fillings become thicker from north to south. Three sequences can be distinguished:

·	 The lower sequence (PQ1) represented, mainly, by the sandy marl and the clay marl which constitute the first Plio-Quaternary 
layers of the Tadla depression.

·	 The intermediate sequence (PQ2) represented by alternations of marl and limestone that can laterally evolve into marls, clays or 
marl-limestone.

·	 The upper series (PQ3) consisting of polygenic conglomerates, calcareous crust, sometimes conglomerates, silts, marls and clays. 
It corresponds to the top part of the Plio-Quaternary complex of Beni-Amir.

The dolomitic clays located at the top of the Eocene phosphate formation constitute the Plio-Quaternary floor/bottom of the Beni-
Amir reservoir.

For the conceptual model, each of these hydrogeological formations was defined geometrically by the coordinates of its top and 
bottom layers. In fact, data collected from the hydrogeological boreholes and geophysics prospecting were interpolated using 
geostatistical treatment (Kriging).

The available topographical data were interpolated by kriging in 500 m grid lengths to define the basin geomorphology. Figure 27 
illustrates two hydrogeological sections E-W and N-S of the Beni-Amir aquifer model and expresses the thickness variation of the 
Plio-Quaternary aquifer system.

FIGURE 27:	Vertical	profiles:	(a)	N-S	and	(b)	E-W	of	the	aquifer	system	in	a	three-dimensional	mesh
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(b) E-W
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3. Parameter inputs

The Plio-Quaternary heterogeneity generates a variability of the hydrodynamic characteristics of the aquifer. Unfortunately, this 
variability can only be defined laterally since only average values of the hydraulic conductivity and storage of the Beni-Amir Plio-
Quaternary system are available. For this reason, the 3D conceptual model of the water table cannot be considered a three-layer 
hydrodynamic model.

For the model hydrodynamic characterization, several studies showed that the hydraulic conductivity and storage coefficient 
distributions can be assimilated to purely random functions.6  For the sake of objectivity, it would therefore be desirable to estimate 
the confidence interval relative to each parameter or variable value that is introduced into the model. Statistical methods, such as 
kriging, can be used for this purpose. The statistical approach was therefore used to prepare data before introducing them into the 
model. This approach should allow a faster calibration of the model because the distribution and the initial values of the interpolated 
and extrapolated parameters are in principle optimal for the available dataset.

We note that in numerical models as well as in analytical approaches, these variables are used as an average in the whole area 
(analytical methods) and in each cell, considering these quantities by mean “equivalent” values.7

a. Hydraulic conductivity

The spatial distribution of Beni-Amir Plio-Quaternary hydraulic conductivity was based on the results of 84 pumping tests performed 
in the study area. These measurements were also supplemented by the previously acquired geological and hydrogeological knowledge 
on the aquifer system, which made it possible to define evolutionary trends in areas where measurements are not available (lithology, 
hydraulic gradients, etc.).

Finally, the kriging treatment of these hydraulic conductivity values led to the generation of four hydraulic conductivity fields (figure 
28 (a)) and to obtaining the standard deviations of the hydraulic conductivity, and then imposing an additional constraint during 
calibration of the model. As for the factor of the vertical anisotropy, it is estimated to 0.1.

b.	Storage	(S)	and	specific	storage	(Ss)

It is a question of characterizing the capacity of the aquifer to store or release the water according to the aquifer solicitations by 
means of the values of the coefficients S and Ss. These parameters are required only for the simulations in transient conditions and 
are respectively of 0.1 to 30 per cent; and 0.001 to 0.00001 m-1 in phreatic aquifers.

For the Beni-Amir aquifer, storage coefficient (S) data were available from pumping tests; twenty measures. However, the majority of 
measurements were made in the area centre; and the mean retained values were between 3 and 6 per cent.

As for the specific storage (Ss), it was conducted in 84 wells where the water thicknesses are available during the pumping tests, for 
an average value of 5 per cent of S. Values are between 3 x10-4 and 6 x10-3 m-1 with a coefficient of variation of 80 per cent around 
an average value of 10-3 m-1. The kriging treatment of these values resulted in the establishment of zoning for the aquifer specific 
storage. Figure 28 (b) summarizes the superposition of distribution maps of “equivalent” average of S and Ss.
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FIGURE 28:	Spatial	distribution	of	kriged	hydrodynamic	parameters:	(a)	Hydraulic	conductivity	and	(b)	Storage	and	specific	storage

(a) Hydraulic conductivity

�

(b) Storage and specific storage

K x (m/s)  K y (m/s) K z (m/s)

0.00165 0.00165 0.000165
0.00065 0.00065 0.000065
0.00025 0.00025 0.000025
0.00010 0.00010 0.0000100 5Km

S s (m-1) S

0.00150 0.04
0.00100 0.05
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0.00075 0.06
0.00060 0.04
0.00050 0.050 5Km
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Source: Authors.
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4. Boundary conditions

First, it is important to note that only the southern boundary of the model represents a physical boundary of the domain. This natural 
boundary corresponds to the usual stream of the Oum-Er-Rbia wadi. In contrast, the northern and western boundaries are selected 
boundaries on the model (artificial boundaries) and correspond to the borders of the irrigated Beni-Amir area. For this type of 
problem, it would be wise to push the boundaries beyond the defined domain so that the idealized boundary has little or no influence 
on the model quality (the solution). However, the lack of information on the external area contiguous to the irrigated area of Beni-Amir 
(modelled area) reduces the choice.

The boundary condition at the southern boundary of the model with the Oum-Er-Rbia wadi, whose regime is imposed by the general 
hydrological conditions themselves, will allow the model at the end of the simulation to estimate flows across the north and south 
artificial boundaries of the model. These exchange rates depend on the piezometric heights on both sides of the border.

5. Internal conditions

These are the main inputs to the aquifer that are expressed in terms of output rates and output. These flows are of two types in 
general:

·	 Imposable flows by zone, which correspond on one hand to the meteorological  inputs and returns of surface water irrigation and/
or groundwater, and on the other hand to direct evaporation from the subsurface part of the aquifer at a given depth below, which is 
supposed to be negligible. The extinction depth of evaporation may be 2 m from the ground.8

·	 Groundwater pumping from the aquifer system corresponds to agricultural pumping for irrigation, (Office chérifien des 
phosphates) ONEP and OCP pumping around Fquih Ben Salah (DWSI) for drinking and industrial demand, in addition to 
artificial drainage of the water table to lower it in order to maintain the root unsaturated zone saved for agriculture and crop 
development. Figure 29 illustrates the distribution of the pumping wells used for irrigation, drinking water and industrial 
allocation. It shows also that the pumping area is concentrated in the western part of the case study, where allocated surface 
water delivered from the dam reservoir could not cover this part composed of 2 agricultural perimeters namely, CDAs 508 and 
509 known for its intensive groundwater pumping.

6. Reference piezometric map

The calibration of the model is performed by comparing the simulated piezometric heads obtained by the model to the 
measured piezometric heads and the water balance achieved in the hydrogeological characterization section. As for the 
measurement network, 32 observation wells have been available from 1978 and cover the whole area of Beni-Amir to carry out 
the piezometric measurements.
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Drinking and industrial water supply well

FIGURE 29:	Distribution	of	pumping	wells	for	irrigation	(CDAs	508	and	509)	and	drinking/industrial	water	supply,	1978

Agricultural pumping well field

Source: Authors.

D. Steady state model

1. Choice of the reference state

In the absence of piezometric maps of the water table prior to the start of irrigation of the Beni-Amir area, and which probably reflect 
the actual natural conditions of recharge and drainage of the water table, steady-state calibration was done using a mean piezometric 
map. This choice was justified first by the availability and abundance of data and second by the fact that at that time the water table 
was not greatly needed for agricultural pumping, except west of the perimeter at the CDA 508 level and downstream at the CDA 509 
level with an affected average area of only 6 ha/well. Moreover, the analysis of the spatial and temporal variations of the piezometric 
heads revealed that in the short term the water table of the irrigated perimeter was characterized by low evolutionary tendencies of its 
regime which could then be characterized as quasi-steady state.

2. Inputs and outputs flows in the aquifer system

a. Vertical inputs

The aquifer recharge is mainly covered by infiltration of surface irrigation water and return groundwater from pumping, and by 
infiltration of rain. Regarding the rainfall contribution to the aquifer recharge, it is considered homogeneous throughout the study area 
with an infiltration coefficient of 28 per cent leading to 95 mm/year for the year 1978, for instance.

The infiltration of the irrigation water (the main component) takes place at the level of canals and farms. The infiltration coefficients 
considered are respectively 20 and 28 per cent. For surface water irrigation returns, they are estimated to be homogeneous by sector 
(CDA) based on the water volumes distributed by CDA. Hence, eight recharge zones that correspond to all sectors are served by 
surface water. As for the returns of pumping water, only two areas are considered. The first is CDA 508 served with mixed irrigation 
(surface water + pumping) and CDA 509 irrigated only by pumping wells from the aquifer.

Based on the three input components explained previously, a recharge map was plotted showing various zoning sectors as illustrated 
in figure 30 (a) corresponding to 1978, while figure 30 (b) refers to the period 1994-1995.
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b. Outputs of the aquifer system

They are represented by direct evaporation from the water table, the agricultural drainage practiced on farms to lower the water table 
level and evacuate excess water in the soil and pumping for irrigation and drinking and industrial water supply (DWSI).

With respect to evapotranspiration, the average value calculated by the Penman-Monteith method is 660 mm/year in the whole area, 
while the extinction depth of these transfers is fixed at 2 m from the soil surface.

With respect to artificial drainage, it should be noted that during the year 1978 the water authorities carried out no flow measurement. 
Nevertheless, since the main drainage axes were well known, the irrigation drainage outflows could be evaluated during the model 
calibration.

As for agricultural pumping, the Beni-Amir area only included two limited pumping sectors at that time, which were CDAs 508 and 
509. The pumped quantities from the wells in the aquifer were evaluated from the water requirements based on the comprehensive 
survey of agricultural pumping undertaken in 1978 by the ORMVAT organization. The global pumping volume was estimated at 24 and 
11.2 mm3/year, respectively for CDAs 508 and 509. These flow rates were distributed uniformly over the cells of these two sectors.

Drinking and industrial water supply covers Fquih Ben Salah and OCP areas. The total annual pumping measured at the three OCP 
wells (655/36, 721/36 and 722/36) were approximately 13.5 mm3 whereas the ONEP pumping measured at the wells 2660/36 and 
2361/36 were about 1.6 mm3.

3. Calibration and results

Hydraulic conductivity (HC) is generally considered to be the key factor in the calibration of a steady-state groundwater flow 
model. Its optimization can be done in several ways such as automatic calibration or inverse modelling methods.9 One such 
method is the standard trials and error method commonly used by hydrogeologists. This approach of external optimization 
of the model, which was followed during the calibration of the Beni-Amir model, consisted of the variations analysis of the 
criterion of error between the measured and calculated head by the model according to the hydraulic conductivity variations. It 
was then a question of determining, by successive tests, the optimal hydraulic conductivity to be assigned to each zone of the 
model, this optimum HC-value being that which allows the simulation closest to the observations. Although this approach is 
generally long and laborious, the initial distribution of HCs after geostatistical treatment by kriging made it possible to shorten 
the calibration. However, the difficulty encountered was because, in parallel with the HC optimization, we tried, by trial and 
error, to impose at times discharge flows at the main artificial drainage axes. Calibration was undertaken in various ways, not 
only minimizing the difference between the measured and simulated piezometric heads at 32 observation wells, but also to 
restore the general structure of the reference piezometric head map.
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FIGURE 30:	Distribution	of	homogeneous	recharge	areas	for	the	two	simulated	states:	(a)	1978	and	(b)	1994-1995

�(a) 1978

(b) 1994-1995

Note: * indicates “bours” sectors, meaning pumping areas, not irrigated by surface water.

Source: Authors.
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After multiple adaptations of the HC values, the calibration was considered satisfactory when the simulated piezometry and the 
measured piezometry were very similar (figure 31). Major piezometric and drainage trends were well represented, and acceptable 
accuracy was achieved with differences between calculated and measured piezometers not exceeding an average value of 0.9 m 
(figure 32).

FIGURE 31: Calibration of the steady-state model on observed piezometry, 1978

Source: Authors.

Source: Authors.

FIGURE 32: Correlation between measured and simulated heads (Government of Morocco, 1978)
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Source: Authors.

Source: Authors.

The retained HC values maintain the same order of magnitude as the initial values and they have been corrected, particularly in areas 
where the hydraulic conductivity is unknown. Figure 33 illustrates the distribution of homogeneous HC geographical areas after 
calibration of the model.

FIGURE 33: Spatial distribution of hydraulic conductivity after calibration

At the end of this calibration procedure, the model provides the simulated water balance of the aquifer system, where different terms 
of the water balance are evaluated. The results in table 5 show that the main input consists of the return of irrigation water and the 
main outflow is composed of the natural drainage (by the Oum-Er-Rbia river) and artificial drainage and agricultural pumping. The 
calculated fluxes in each cell of the model, plotted in a map, made it possible to visualize very clearly the direction and the importance 
of all the velocities calculated in the studied area and to locate, in particular, the hydraulic exchange zones at the boundaries.

TABLE 5: Water balance of the aquifer system calculated after calibration in steady state

Inputs (mm3/year) Outputs (mm3/year)

Rain 56.4
Agricultural pumping 25.3

DWSI pumping 15.2

Irrigation 130.6 Natural drainage (OER) 136.8

Boundary inputs 43.8
Boundary outputs 47.9

Evaporation 5.6

Total 230.8 Total 230.8

K x (m/s) K y (m/s) K z (m/s)

0.00165 0.00165 0.000165
0.00060 0.00060 0.000060 
0.00050 0.00050 0.000050
0.00025 0.00025 0.000025
0.00020 0.00020 0.000020
0.00014 0.00014 0.0000140 5Km
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E. Verification of the model in steady state

Verification is achieved by testing the ability of the model to simulate the behaviour of the system for excitations other than those 
with which it has been calibrated; but which are of the same nature.

The reference state selected for the verification of the steady state model of the Beni-Amir aquifer corresponds to the 1994-1995 
hydrological year. This second state of reference is characterized in comparison to the state of 1978 by:

·	 Modernization of a large part of the irrigated area by replacing earthen channels by concrete channels, which has led to a water loss 
reduction along the irrigation network, and then the increase of areas irrigated by surface water.

·	 Development of agricultural pumping throughout the area. An exhaustive survey undertaken by ORMVAT in 1995 showed that the 
areas dominated by agricultural pumping and equipped wells covered 14,707 ha and 3,146 wells (4.5 ha/well); against 4,885 ha 
and 812 wells (6 ha/well) in 1978.

·	 And finally, the year 1994-1995 was relatively dry and the artificial drains were practically dry. This allowed the aquifer flow to 
be stimulated in the absence of artificial drainage and help to verify and judge the previous obtained results during calibration of 
the model.

1. Inputs and outputs flows

a. Inputs of the aquifer system

The new spatial distribution of homogeneous recharge zones was carried out by taking into account hydro-agricultural developments 
carried out in the area as show in figure 28 (b). The average recharge values for each zone include infiltration of rain, surface irrigation 
water and/or groundwater. The rainfall infiltration value applied to the whole area is 53 mm/year. As for the main recharge component 
of the aquifer corresponding to the surface irrigation water, the water losses were estimated from the water volumes distributed 
by CDA provided by the ORMVAT body, with an infiltration coefficient of 15 per cent at the level of the irrigation network and 28 
per cent at the level of the farms. Groundwater returns from agricultural pumping were estimated by CDA units and sometimes by 
small sectors in the CDA when mixed irrigation is performed (surface water + groundwater) and in the "bour" area where irrigation is 
exclusively made pumping wells in the aquifer.

b. Outputs of the aquifer system

They are represented by direct evaporation from the water table, agricultural pumping and water supply pumping.

The agricultural pumping was estimated, by sector, from the water requirements. These flows were uniformly distributed over the cells 
of each sectors whose spatial distribution was similar to that of the homogeneous recharge areas (figure 28 (b)). Total abstractions 
from the aquifer were estimated at 96 mm3/year. ONEP and OCP (water supply) abstractions, measured around Fquih Ben Salah 
during 1994-1995, were 8 mm3, of which about 6.9 mm3 at the OCP wells.

2. Results

In verifying the Beni-Amir groundwater model in steady state, the results were considered satisfactory after a few attempts. The 
average values of the homogeneous hydraulic conductivity, obtained from the model calibration on the piezometric heads of 1978, 
were retained for verification of the steady-state model. This shows that agricultural pumping evaluation from the water needs of the 
crops allowed an optimal estimation of the aquifer exploitation for irrigation and that the errors of estimation are relatively small. As 
a result of these slight adjustments, the differences observed between simulated and observed head were less than 1 m in average 
(figure 34) and the comparison between the measured and simulated piezometric heads showed a fairly good level of satisfaction 
(figure 35).
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FIGURE 34: Correlation between measured and simulated piezometric heads, 1994-1995

Source: Authors.

Source: Authors.

The water balance of the aquifer system was also calculated for this verification of the model (1994-1995 hydrological 
year). The results showed a decrease in the various inputs terms of the water table combined with an increase in agricultural 
pumping when compared to the water balance of 1978. The reduction of water infiltration rate was due on one hand to the 
reduction of the annual surface water allocated for irrigation, and on the other hand, to the modernization of most of the CDAs 
sectors, which reduced water losses by increasing the efficiency of the irrigation network. The water table level decreased 
leading to the reduction of the artificial drainage; and to a reduction of the outflow rates at the boundaries of the aquifer area.

FIGURE 35:	Verification	of	steady-state	model	on	the	average	piezometry,	1994-1995
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This 3D model in steady state is followed by a transient and management model to include the effects of climate change 
on the Tadla aquifer system using RICCAR outputs, such as projected temperatures, precipitations, evapotranspiration and 
hydrological data for both scenarios RCPs 4.5 and 8.5 and for the period 2020-2100.

F. Simulations of the model in unsteady state

The study and identification of the aquifer system behaviour under transient state is a crucial step to making advances with respect 
to the forecast simulations in the possible exploitation phase of the models. This involves defining the distribution of the parameters 
governing the flow in transient state, in particular the storage coefficients, and verifying and judging the consistency of all the data 
and the results obtained during calibration and model verification in steady state.

The transient simulation of the Beni-Amir aquifer consisted of reproducing the intra-annual evolutionary trends of the aquifer during 
the 1994-1995 agricultural season, taking account of the changes in the groundwater hydrodynamics resulting from the water 
demand of the crops varying from season to season.

The applied stresses/inputs were defined in the same way as for the verification of the model in steady state, but the different terms 
of inputs and outputs were expressed in terms of monthly flows to take into account the changes in the aquifer dynamics. The mean 
values   of the homogeneous permeability of geographic zones obtained during calibration and verification of the model in steady state 
were used for simulations in transient state. For any simulation in transient regime, the initial conditions must first be defined. The 
piezometry of the August 1994 simulated and calibrated in steady state corresponded to the initial state (figure 36).

Given the droughts that Morocco experienced in the 1980s and 1990s, a lot of pressure was put on the groundwater by pumping 
significant quantities in order to compensate for the deficit of surface irrigation water. This was the case of the Tadla aquifer at 
Beni-Amir, where the number of pumping wells was increased to cover practically any part of the study area. Figure 37 clearly shows 
the distribution of pumping wells with a high density of wells and over the entire aquifer and all the CDA sectors. In figure 29, the 
distribution of pumping wells in the study area in 1978 covered only 2 sectors (CDAs 508 and 509) to the west of the study area. All 
inputs with reference to these pumping wells as internal conditions were also included in the model.

FIGURE 36: Initial piezometry of August 1994

Source: Authors.

measured water table (in m)
simulated water table (in m)
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Source: Authors.

FIGURE 37:	Density	of	pumping	well	fields	in	the	area,	1980-1994

measured heads (in m)
simulated heads (in m)

The transient simulations were carried out according to a fixed daily time step and the calibration should restore six 
measured piezometric maps belonging to the simulated period. Initially, several tests to analyse the sensitivity of the model 
to the storage coefficients S and Ss showed that the model was not very sensitive to variations in these two coefficients. In 
addition to the use of S and Ss, the calibration of the transient model also affected slight adjustment of infiltrations and their 
geographic distributions for good consistency of recharge data. This choice is justified by the fact that at the same CDA, the 
water allocations of irrigation water differ from one sector to another depending on crop rotations. However, the overall aquifer 
contribution by CDA should remain in the order of magnitude of the contributions evaluated during the balance attempt. This 
calibration was carried out in six stages. For each step, it was necessary to restore a reference piezometry before proceeding 
to reproduce the next reference state in the following step. The simulated piezometries were largely satisfactory and the 
differences between simulated and measured piezometries were less than 1 m (figure 38). Figures 39 and 40 correspond to 
the calibration results of the model in the transient regime. They show a good correlation between the simulated and measured 
piezometric values plotted in maps and in observation well time series. 
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FIGURE 38: Correlations between measured and simulated heads in transient state
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June 1995

January 1995

April 1995

August 1995

Source: Authors.
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January 1994

April 1995

August 1995

FIGURE 39: Calibration results for transient simulations, 1994-1995

Source: Authors.
Note:	The	blue	lines	indicate	simulated	heads	(m)	and	dot	black	lines	are	the	observed	heads	(m).
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FIGURE 40: Calibration results for time series of piezometric levels in observation wells in transient state

Source: Authors.
Note: Measured heads are in star symbol and simulated heads are in solid line. Forage (well) Niv. Piézo (piezometric levels) mois/an (month/year).
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We also calculated the water balance for 1994-1995 (table 6) to show that the results obtained correlate with those of the balance of 
the model in steady state established for the same period. Furthermore, the intra-annual variation in the storage of the aquifer shows 
that on a regional scale the aquifer is characterized by a quasi-permanent regime as demonstrated by table 7.

TABLE 6: Water balance of the aquifer calculated in transient regime

Inputs (mm3/year)

Storage 76.6

Precipitation 31.3

Irrigation 120.4

Boundary inputs 10.1

Total 234

 

Outputs (mm3/year)

Storage 72.2

Natural drainage 45.5

Agricultural pumping 91.5

DWSI pumping 7.9

Boundary outputs 18.6

Evaporation 3.5

Total 234

TABLE 7: Storage variation of the model in transient state, 1994-1995 (x106 m3)

Period Storage variation Period Storage variation

9-1994 0.018 3-1995 -0.064

10-1994 0.024 4-1995 0

11-1994 -0.016 5-1995 -0.16

12-1994 -0.032 6-1995 0.08

1-1995 -0.056 7-1995 0.096

2-1995 -0.064 8-1995 0.096

Source: Authors.

Source: Authors.

Hence, we can conclude that on the basis of the simulations of the transient model, it is clear that the flow model is under a 
pseudo-permanent regime on the annual scale, but which becomes transient at the level of the intra-annual scale. These results 
are also confirmed by the piezometric trends recorded in several observation wells as illustrated in figure 41. In fact, it is the water 
requirements for crops which control the process of the groundwater flow regime through the allocations of surface water and 
the pumping of the aquifer, especially when the crop rotations do not change, and also the extension of the irrigated perimeter. 
However, with reduced rainfall, for instance as a result of climate change, less water input will be available in the dam reservoir and 
it will reduce the surface water allocation for irrigation, and the natural recharge of the aquifer system will also be reduced. Hence, 
groundwater flow conditions will change, becoming the transient flow regime.

Finally, this model can now be used in the context of groundwater resource management projects in the Beni-Amir irrigated area. 
However, we need several inputs with reference to future development plans for the Beni-Amir irrigated area in order to determine the 
response of the aquifer to the various proposed exploitation scenarios and their foreseeable impacts with a view to defining the most 
suitable operation policy.
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FIGURE 41: Observed piezometric records in the study area for observation wells (2288/36, 71/36, 100/36, 695/36 and 42/36)

2288/36 (CDA 503) 71/36 (CDA 504)

695/36 (CDA 505)100/36 (CDA 509 IP)

42/36 (CDA 509 IP)

Source: Authors.

Based on the model results for steady state and transient conditions, we also simulated the model for the period 2017-2019 based on 
the input provided from the two regional bodies ABHOER and ORMVAT. The results are illustrated in figures 42 and 43, which show the 
hydraulic head distribution in the area, in addition to the related water balances respectively for 2018 and 2019 summarized in tables 
8 and 9. These tables show also that the water balance does not vary much, which confirms the previous finding on the quasi-steady 
state regime on a yearly scale.



TECHNICAL REPORT

43

370
375

380

385

390

395
400

405
410

415

415

420

420

425
430

435

440
NN

FIGURE 42: Simulated piezometry, 2018

TABLE  8: Calculated water balance, 2017-2018

Source: Authors.

Inputs (m3) Outputs (m3)

Storage 60 809 336 Storage 16 739 039

Rainfall recharge 53 843 968

Agricultural pumping 55 121 780

Irrigation recharge 47 880 000

Drainage from OER river 25 887 175 OER river drainage 102 792 978

Western	inflow 6 762 968 Western	outflow 34 333 290

Northern	inflow 27 647 185 Northern	outflow 13 843 556

Total 222 830 632 Total 222 830 643
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FIGURE 43: Simulated piezometry, 2019
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Source: Authors.

Source: Authors.

TABLE 9: Calculated water balance, 2018-2019

Inputs (m3) Outputs (m3)

Storage 75 217 368 Storage 159 925

Rainfall recharge 25 006 608

Agricultural pumping 112 483 244

Irrigation recharge 39 480 000

Drainage from OER river 34 129 305 OER river drainage 85 790 101

Western	inflow 8 430 883 Western	outflow 23 138 378

Northern	inflow 45 561 284 Northern	outflow 6 253 921

Total 227 825 448 Total 227 825 569
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Source: Authors.

G. Predicted simulations of the model using RICCAR data

1. RICCAR data used for the model simulations

Datasets used in this assessment comprise a combination of regional climate modelling projections data generated from RICCAR and 
a set of local observation datasets for precipitation and temperature for our study area. Table 10 describes the RICCAR data type, the 
CNRM-CM5 model, RCP scenarios, the series periods, in addition to other parameters such as hydrological, ET0 and land use data.

TABLE 10: CNRM-CM5 data collected from RICCAR for our case study

Data Climatic model Emissions scenario Period Missing data in the 
series Unit

Precipitation CNRM-CM5
RCP 4.5 2020-2100 No mm/month

RCP 8.5 - mm/month

Temperature CNRM-CM5
RCP 4.5 2020-2100 No mm/month

RCP 8.5 - mm/month

Source: Authors.

Particular attention is paid to P, T, ET0 and hydrological data and their projections within the 2 RCP scenarios (RCPs 4.5 and 8.5) in 
order to describe the main trends, the vulnerability analysis on water resources and the climate change impact on water resources in 
the area. Analysis of climate change on water resources in the Tadla Beni-Amir aquifer system is conducted using the two RICCAR 
climate change scenarios (RCPs 4.5 and 8.5), especially for hydrological modelling. More details can be found in the database 
developed. As examples, figures 44, 45, 46 and 47 show the projected time series with respect to P, T and for various climate models 
and scenarios. The main trends of the parameter variation are also provided to analyse and measure climate change trends. These 
figures show clearly that temperatures are mainly increasing, while precipitation is mainly decreasing for both scenarios, which surely 
will have negative impact on water resources availability in the study area. The main trend for RCP 8.5 is relatively much stronger, as 
temperatures continue to increase and precipitations continue to decrease.

FIGURE 44: Precipitations (mm/year) over time in the study area, 1986-2100 (CNRM-CM5/RCP 4.5)
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FIGURE 45: Mean temperatures (°C) over time in the study area, 1986-2100 (CNRM- CM5/RCP 4.5)

Source: Authors.

Source: Authors.

FIGURE 46: Precipitations (mm/year) over time in the study area, 1986-2100 (CNRM-CM5/RCP 8.5)
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Source: Authors.

FIGURE 47: Mean temperature (°C) over time in the study area, 1986-2100 (CNRM-CM5/RCP 8.5)

2. Projected model input based on RICCAR data

The projected RICCAR data with respect to temperature, precipitation, evapotranspiration and hydrology were used to estimate the 
projected model input from 2020 to 2100. Discussions of these data with regional managers at ORMVAT and ABHOER, especially for 
temperature and precipitation, contributed to establishing consistent approaches to estimate the water demand for various crops, the 
allocated surface water for irrigation, the natural aquifer recharge and the pumping well rates over the projected period 2020-2100.

Irrigation supply input

These contributions consist of surface water infiltration from irrigation and the return of pumped groundwater requested for irrigation 
purposes inside and outside the network. Each of these components is assessed at each CDA, inside and outside the areas dominated 
by the surface irrigation network. For this purpose, it was first necessary to define the infiltration coefficients at the network level and 
at the farm level. There are two distinct sectors with respect to infiltration at the level of the transport network:10

·	 A modernized sector with concreted channels, where losses are estimated at 10 per cent of the distributed volumes.

·	 A non-modernized sector where the concrete channels are dilapidated, and the tertiary channels are made of earth. In such sectors 
the losses are estimated at 30 per cent.

At the farm level, the percolation of irrigation water varies with the variation in evapotranspiration and the irrigation efficiency. For 
both sectors, data were provided by ORMVAT.

The projected allocated surface water for irrigation, and at each CDA sector were estimated based on projected RICCAR precipitation, 
temperature, and evapotranspiration.
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For groundwater returns from agricultural pumping, it was necessary to determine the aquifer withdrawals for irrigation needs based 
on the practiced crop rotations, the number of wells, the concerned areas and the culture water needs. The approach used was based 
on the Blaney-Criddle formula as follows:

Where:

Pp = the pumped quantity.
Np = the total number of wells for the year considered.
S = the area dominated by a well.
KC = the monthly crop coefficient.
P = the percentage of land use for each crop.
ET0 = the monthly evapotranspiration which depends on temperature and additional factors.

To prepare the projected input data for the model, several tables were established after calculation of the required parameters. 
In order to give an idea on the large input data prepared separately and processed by the model, more than 4,000 pumping wells 
were inventoried in the area and their rates calculated, involving 12 CDA sectors concerned by irrigation from surface water and 
groundwater (1,866 well fields), water demands for various crops, in addition to natural recharge and boundary conditions. All these 
terms should be calculated for each year from 2020 to 2100 and for both scenarios RCPs 4.5 and 8.5. Figure 48 shows a plot of 
the parameter variation versus time (2020-2100) of these prepared input data with respect to projected precipitation (RICCAR), 
calculated pumping rates and the total recharge in the Beni-Amir aquifer system.

FIGURE 48: Projected precipitations, recharge and pumping rates in the study area, 2020-2100 (RCP 4.5)

crop

This figure shows also that the approach established by the regional authorities is consistent, since when there is less rainfall it 
cannot produce more surface water in the dam reservoir for irrigation, and hence groundwater pumping increases in order to satisfy 
the water needs for crops. This is the case for the years 2044-2045 and 2092-2093 (RCP 4.5) where rainfall would be at its lowest 
during the whole period, respectively 116.3 and 98.44 mm, and the corresponding surface water input to be allocated for irrigation 
from the dam reservoir would be lower. In the next section, we will consider the impact of these projected input data generated from 
RICCAR data on groundwater resources in the aquifer of the study area.

Source: Authors.
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H. Simulations of the impacts of climate change using RICCAR data

1. Simulations of the impacts of climate change using RICCAR data (RCP 4.5)

Starting from the situation of the aquifer and its initial piezometric state (2018-2019) that we simulated and treated in chapter 2 
section E, the necessary data corresponding to the demands of groundwater in the Beni-Amir aquifer were introduced to the model 
in order to assess the different responses of the aquifer for each year and during the period 2020-2100. The results obtained 
from the transient simulations for the period 2020 to 2100 are presented in the form of piezometric maps describing groundwater 
hydrodynamics and the morphology of the groundwater table which shows the spatial drawdown distribution during each year. As 
examples, figure 49, representing piezometric maps selected for a few years, shows the distribution of hydraulic heads and the flow 
direction from north-east to south-west. 

Analysis of these water balances shows that the minimum water budget over the entire period would be 140 mm3 and would be reached in 
2054, while the simulated aquifer balances varied between 200 and 140 mm3. Overall, these maps in figure 49 are morphologically similar, 
but show increasing drawdowns as a general trend over the entire period 2020-2100. However, there is a fluctuating piezometric evolution 
during very short and well-defined periods manifested by storage followed by storage loss from the aquifer.

FIGURE 49: Piezometric maps selected for certain years in the study area (Average of CNRM-CM5, EC-EARTH, GFDL-ESM2M models for RCPs 4.5 
and 8.5 scenarios)
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Piezometric maps in 2021-2022 (t = 1,095 days)

Piezometric maps in 2047-2048 (t = 10,585 days)

Piezometric maps in 2093-2094 (t = 27,375 days)

Piezometric maps in 2075-2076 (t = 20,805 days)

Piezometric maps in 2030-2031 (t = 4,380 days)

Isoline for RCP 4.5
Isoline for RCP 8.5

Source: Authors.



ASSESSMENT OF CLIMATE CHANGE IMPACTS ON GROUNDWATER RESOURCES USING RICCAR DATA IN THE BENI-AMIR AQUIFER (TADLA COMPLEX, MOROCCO)

50

Five observation wells installed for monitoring piezometric fluctuations over time, duly distributed over the study area, were chosen 
to represent the future piezometric records 2020-2100. Figure 50 providing the piezometric level as a function of time for these 5 
observation wells shows overall that the general trend is downward over the whole period, however local fluctuations are shown for 
short periods. The maximum drawdown would be obtained in 2099-2100, similarly in relation to all these observation wells located in 
the aquifer. It should also be noted that this general downward trend is relatively less significant with a relatively small slope, but it is 
very much characterized by large fluctuations whether at the level of the water budget or the drawdowns in the wells (figure 50).

FIGURE 50:	Drawdown	variations	in	five	observation	wells,	2020-2100	(RCP	4.5)

Source: Authors.
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2. Simulations of the impacts of climate change using RICCAR data (RCP 8.5)

For the RCP 8.5 scenario, the necessary data corresponding to the stress input applied on groundwater in the Beni-Amir aquifer  
were introduced to the model in order to assess the different responses of the aquifer for each year and during the period 2020-
2100. The results obtained by simulations of the transient model from 2020 to 2100 are also presented in the form of piezometric 
maps describing the groundwater hydrodynamics and the spatial drawdown distribution during each year. Figure 49 representing 
piezometric maps selected for a few years, as much for the RCP 4.5 scenario as for the RCP 8.5 scenario, shows the distribution of 
hydraulic heads and the flow direction which generally operates from north-east to south-west with a change of direction, especially 
downstream of the aquifer to the west and north-west, by the end of century. This is due to the reduction in the aquifer recharge 
(less precipitation and less surface water allocated to irrigation) and the pumping intensification in the CDA 509 sector located 
downstream of the study area. 

Analysis of these water budgets shows that the minimum budget that would be recorded over the entire period is 120 mm3 (i.e., less 
than 14 per cent of the budget obtained by the RCP 4.5 scenario) and would be reached in 2085. The same analysis indicates also 
that the water budget of the simulated aquifer over the whole period 2020-2100 varies between 200 and 120 mm3. Overall, these 
maps are morphologically similar, but show sharply higher drawdowns as a general trend over the entire period 2020-2100. As in the 
RCP 4.5 scenario, there is also a fluctuating piezometric evolution during very short and well-defined periods which is manifested by 
storage or storage loss of the aquifer. Figure 51 giving the change in the water balance as a function of time over the period 2020-
2100 highlights a general tendency to a significant decrease compared to the RCP 4.5 scenario. This storage and storage loss of 
the aquifer are also shown in figure 52 which highlights a large period of storage loss between 2069 and 2100 and a relatively low 
storage loss period between 2020 and 2067.

FIGURE 51: Water balance evolution, 2020-2100 (RCP 8.5)

Source: Authors.

Source: Authors.

FIGURE 52:	Storage	and	destocking	of	the	aquifer	reservoir,	2020-2100	(RCP	8.5)



ASSESSMENT OF CLIMATE CHANGE IMPACTS ON GROUNDWATER RESOURCES USING RICCAR DATA IN THE BENI-AMIR AQUIFER (TADLA COMPLEX, MOROCCO)

52

The five observation wells used to control the piezometric records in the RCP 4.5 scenario were also used to analyse the future 
piezometric records for the RCP 8.5 scenario and for the entire period 2020-2100. Figure 53 giving the piezometric level as a 
function of time for these five observation points shows overall that the general trend is significantly downward over the entire 
period. Nevertheless, it reveals less significant fluctuations for long periods. The maximum drawdown would be obtained in 2100 
and generalized across all these groundwater piezometers as in the RCP 4.5 scenario. The general trend for the RCP 8.5 scenario is 
downward and it is relatively significant with a comparatively steep slope, but accompanied by small fluctuations, especially with 
respect to the piezometric records (figure 53). 

FIGURE 53: Drawdown variations in 5 observation wells, 2020-2100 (RCP 8.5)

Source: Authors.
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3. Comparison between the RCPs 4.5 and 8.5 effects on groundwater resources

Both results presented in sections G-1 and G-2 with respect to the assessment of climate change on groundwater resources in the 
Beni-Amir study area over the period 2020-2100 respectively for the RCPs 4.5 and 8.5 scenarios indicate that groundwater resources 
would be very vulnerable to climate change.

In order to identify the scale of the impact of these climate changes, these results were compared against each other. In terms of 
water balance of the aquifer, the RCP 8.5 scenario gave weak budgets compared to those obtained for the RCP 4.5 scenario, since 
they were in the majority of cases less than 160 mm3 and reaching less than 120 mm3 at the end of the century. On the other hand, 
the water budgets obtained by scenario 4.5 were between 200 and 140 mm3. Despite the general decline in the water balance for 
RCP 4.5 during the period 2020-2100, it was not as significant as in the RCP 8.5. Figure 49 grouping piezometric maps relating 
to the RCPs 4.5 and 8.5 scenarios and for the same dates showed that for the aquifer drawdowns with respect to RCP 8.5 were 
continually greater than those recorded by the RCP 4.5 scenario, except during a short period (2021-2030) where precipitation 
was relatively more abundant for the RCP 8.5 scenario than the RCP 4.5. This would have a significant recharge on the aquifer 
resulting in the rise of the piezometric levels of the RCP 8.5 scenario compared to the RCP 4.5 scenario. Indeed, figure 54 where 
the two piezometric record fluctuations (2020-2100) were presented confirmed this result and also showed that the drawdowns in 
the aquifer system were very significant in the RCP 8.5 scenario compared to the RCP 4.5 scenario with a difference of more than 
10 m in some aquifer sectors. As an example, table 11 summarizes the results of the piezometric levels recorded in the five chosen 
observation wells, as well as the difference between these levels for the same dates on the piezometric maps and for the two 
scenarios, also confirming the same result.

FIGURE 54: Comparison of simulated piezometric records in the study area (RCPs 4.5 and 8.5)

Source: Authors.
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TABLE 11: Comparison of piezometric level in the 5 observation wells for some selected dates (RCPs 4.5 and 8.5)

Time Head 50102 50303 50502 50703 50901

2021-2022

RCP 4.5 437.53 421.90 409.62 395.96 379.45

RCP 8.5 437.60 423.28 410.31 396.18 379.12

DH 0.07 1.38 0.69 0.22 -0.33

2030-2031

RCP 4.5 438.50 425.77 412.35 397.88 380.34

RCP 8.5 438.65 427.15 413.85 398.68 380.84

DH 0.16 1.38 1.49 0.79 0.51

2047-2048

RCP 4.5 437.13 422.08 421.90 395.60 378.72

RCP 8.5 435.47 419.57 423.28 393.94 377.26

DH -1.66 -2.51 1.38 -1.66 -1.46

2075-2076

RCP 4.5 437.99 423.14 410.56 396.91 380.22

RCP 8.5 429.66 413.41 400.65 388.46 372.06

DH -8.32 -9.72 -9.91 -8.45 -8.16

2093-2094

RCP 4.5 428.22 411.19 398.99 385.66 372.31

RCP 8.5 419.32 398.55 387.55 379.51 365.42

DH -8.89 -12.64 -11.44 -6.15 -6.90

Source: Authors.

Analysis of the aquifer piezometry at the end of the century (figure 55) showed that several sectors of the aquifer would be partially 
or completely dried up. In fact, for the RCP 8.5 scenario, all the pumping wells crossing the first aquifer layer would be dry, as well as 
over an area of 68 km2 of the second layer and 4 km2 of the last layer. For the RCP 4.5 scenario, however, the dry areas were relatively 
reduced to 16 km2 on the second layer and 1 km2 on the third layer located at the north of the study area.

FIGURE 55: Location and extension of dried-up areas in the aquifer, 2099-2100 (RCPs 4.5 and 8.5)

RCP 4.5 RCP 8.5

Second layer (Dry cells over 16.5 km2) Second layer (Dry cells over 68.5 km2)

Third layer (Dry cells over 1 km2) Third layer (Dry cells over 4.5 km2)

Source: Authors.
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3 CONCLUSION AND RECOMMENDATIONS

The objective of this study is to assess climate change impacts on groundwater resources use and availability in Morocco, particularly 
groundwater abstraction and changes in groundwater availability in the Tadla aquifer complex system. This aquifer system supplies 
water to several urban centres, as well as large irrigation schemes in the Beni-Amir agricultural area. The latter is regarded as a pilot 
case to assess the climate change impacts on groundwater resources using RICCAR data and outputs. The aquifer system is located 
in the Oum-Er-Rbia basin, between the High Central Atlas in the south and the phosphate highlands in the north and covers an 
important agricultural area that produces sugar beet crops to supply three important sugar industrial units in Morocco. It is described 
as a multilayer system made up of three main hydrogeological units closely dependent on plio-quaternary. It is the main supplier of 
water resources for drinking water of several urban centres of the area and the industrial water supply of the OCP installations and the 
processes of phosphate washing, besides the water requirements of the agriculture of the large irrigated areas of Tadla.

It is projected that these groundwater resources will be affected by climate change as a result of a reduction in natural recharge 
from reduced precipitation and increased evapotranspiration caused in part by higher temperatures. Hence, a specific objective on 
which this study focused was to evaluate the scale of the impact of climate change and groundwater abstraction by pumping on the 
sustainability of this aquifer system.

For this purpose, RICCAR climatic data and outputs were used and hydrogeological models were developed and applied for 
determining sustainable exploitation regimes to cope with the climate change and to inform decision making. A 3D conceptual 
groundwater model was designed to simulate a comprehensive set of physical processes. The model was compared, calibrated 
and verified with observational data. Anthropogenic and climate forcing based on two emission scenarios (RCPs 4.5 and 8.5) were 
implemented in order to assess impacts of climate change on the groundwater system. Simulation models were used to assess the 
water balance and long-term scenarios and long-term impacts on water and crops.

Based on all collected information, a preliminary database was developed, which also included the RICCAR data relevant to datasets and 
outputs of the study area, in addition to the initial collected dataset, records, maps and referenced studies relevant to the study site. This 
database made it possible to design a physical conceptual three-dimensional groundwater model of the Beni-Amir aquifer system. 

A review of existing development regional plans in the administrative areas served by the Tadla aquifer system (ABHOER and 
ORMVAT) was carried out and discussed with the regional authorities, in order to formulate three groundwater use scenarios for 
urban, industrial (phosphate industry) and agricultural use. Technical approaches set up by the regional authorities for water 
resources planning and priorities for the period 2020-2100 were discussed at length in order to evaluate the projected input data 
based on RICCAR data.

Based on the previous data, a 3D model in steady state was developed, which was followed by a developed transient and management 
model that includes the effects of climate change on the Beni-Amir aquifer system using RICCAR outputs and hydrological modelling 
and coupling for RCPs 4.5 and 8.5, across the same time period (2020-2100). For this purpose, predicted piezometric maps, water 
balance and time series of predicted drawdowns were produced to show the climate change impacts on groundwater management of 
the aquifer system.

The main results from this study confirmed that groundwater resources in the Tadla aquifer system will be affected by climate change 
due to a reduction in natural recharge from reduced precipitation (the mean will be 20 per cent less at the end of the century for RCP 
4.5; and 50 per cent less for RCP 8.5) and the increase in evapotranspiration caused in part by higher temperatures (the mean is 
about 2°C increase for RCP 4.5 and more than 4°C increase for RCP 8.5 by the end of the century).

In terms of the water budget of the aquifer system, the RCP 8.5 scenario resulted in weak budgets compared to those obtained for 
the RCP 4.5 scenario, since in most cases, they are less than 160 mm3 and reaching less than 120 mm3 at the end of the century. 
On the other hand, the water budgets obtained by scenario 4.5 were between 200 and 140 mm3. Despite the general decline in the 
water budget during the period 2020-2100, it is not as significant as in RCP 8.5 scenario. This reduction of the water budget will be 
accompanied by a groundwater table decrease for both scenarios varying from 10 m (RCP 4.5) to more than 25 m (RCP 8.5) which 
would render some aquifer areas completely dry. However, the results for RCP 8.5 are worse since large parts of the aquifer will be 
partly dry (more than 68 km2 for the second layer) and a complete dry area in the north covering 4 km2, while for RCP 4.5 scenario the 
complete dry area will be limited to a small part in the north (1 km2).

The results obtained by various simulations of the models using RICCAR data are of great importance as key information for decision 
makers, especially regional ones, regarding the future of the sustainable exploitation of groundwater resources in the aquifer. In fact, 
the results of the RCP 8.5 scenario reveal a great danger for the future of irrigation agriculture in the study area, since some farms in 
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the north would be abandoned because of the unavailability of groundwater. On the other hand, the results of the RCP 4.5 scenario are 
less worrying but will require rational and economical management of water resources in the study area.

Consequently, the recommendations which the study can propose mainly concern the adaptation to climate change impacts on 
groundwater resources in the study area by:

·	 Improved irrigation efficiency is necessary as an adaptation tool to provide continuous access to water for irrigation under a 
changing climate.

·	 Conversion of gravity irrigation to localized drip irrigation throughout the irrigated area, which would save more than 50 per cent of 
surface water from the dam reservoir, is needed. The cultivated area includes sugar beets, fodder, cereals and fruit crops that are 
considered market gardening products. Therefore, ensuring sustainable water use to irrigate these cultivated areas is crucial for the 
socioeconomic dimension especially for local farmers.

·	 Adaptation of current crops to crops that are water efficient and more resilient to climate change is recommended.  

·	 Crop diversification is another suggested agricultural strategy of high priority to adapt to the effects of climate change. It is 
considered as an insurance against variability in weather conditions and rainfall and it helps in spreading the economic and 
production risks over all the cultivated area.

·	 Concerning water used for irrigation, it is recommended to include unconventional water resources, such as treated wastewater and 
return from irrigation, to decrease the pressure on the heavily exploited groundwater.

·	 Capacity building for farmers in relation to climate change adaptation is essential to be able to apply efficiently and effectively the 
proposed measures.
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An assessment was performed to evaluate climate change impacts on groundwater resources 
availability and use in Morocco, specifically groundwater abstraction from the Tadla aquifer 
complex system. The pilot study was based on projections of the Regional Initiative for the 
Assessment of Climate Change Impacts on Water Resources and Socio-Economic Vulnerability 
in the Arab Region (RICCAR), which showed that the Arab region would experience rising 
temperatures and largely decreasing precipitation, as well as changes in runoff and recharge. 
A digital database for the study area was generated, and a three-dimensional conceptual 
groundwater model was designed and simulated using a comprehensive set of physical processes. 
The model was compared, calibrated and verified with observational data. Anthropogenic and 
climate forcing based on two scenarios were implemented to project impacts of climate change on 
the groundwater system and long-term effects on water and crops. 

The study’s main results confirmed that groundwater resources in the Tadla aquifer system would 
be affected by climate change, owing to a reduction in natural recharge from reduced precipitation 
and increased evapotranspiration caused in part by higher temperatures. These results are of 
great importance for decisions regarding the future of the sustainable exploitation of groundwater 
resources in the aquifer. Adaptation measures are urgently needed, which take into account 
these impacts of climate change on groundwater resources, specifically in terms of improving 
agricultural productivity.
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