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ABSTRACT

Coastal systems are amongst the most productive ecosystems of the land-ocean aquatic
continuum, but they are also under high climate and anthropic pressures. Too sparse
observations have hindered the understanding of complex interactions between water

quality, coastal hydrodynamics and biogeochemical transformations. Despite the advances in
coastal modeling, few of such simulation models are seen related to the subtropical North-East
Atlantic. As the first step toward our final goal to provide a decision support tool for coastal
management of North-West Africa (Moroccan Atlantic coast), this study implemented a three-
dimensional (3D) hydrodynamic-biogeochemical model of Agadir coast. The hydrodynamic model
was externally derived by meteorological data, tidal oceanic forcing and boundary conditions
of Agadir coast. It was used to calculate the sea surface level, harmonic tidal constituents
and physical factors, especially water temperature and salinity. The model was included with
the injected mass of tracers using Lagrangian transport model and used to calculate the local
residence time (RT) and estimate the possible pathway of passive tracers. The pre-computed
scalar transport and boundary conditions from the hydrodynamic solution were then used to
conduct biogeochemical calculations in an offline coupled model. The model was used to explore
the spatial and seasonal patterns in the dynamics of physico-chemical parameters and nutrient
limitation on phytoplankton growth. The model was calibrated and validated using a combination
of available in-situ measurements, satellite products, climatology and ARGO floats data. Despite
some discrepancies, the findings revealed a good match between simulations and observations,
which underlines the feasibility of the model in simulation the main dynamic features of the
Agadir coast. Overall results suggest that the interaction between bathymetry and westerly and
northwesterly prevailing winds, a baroclinic double-gyre circulation, dominating the general
circulation affect physico-chemical parameters and nutrient distributions. Nitrate appears as the
key factor controlling phytoplankton dynamics. Nitrate depletion occurs faster driving the area
towards nitrogen limitation. The flagellate (dominated total Chl-a) bloom coincident with warming
water temperatures, higher salinities, intense stratification and lower nutrient concentrations.
This has major repercussions for the flow of carbon in the area, as flagellates contribute to low
carbon export to deeper waters compared to diatoms.

Key–Words : Water quality, Nutrients, Phytoplankton, Nitrogen limitation, Biogeochemi-
cal modeling, Hydrodynamic modeling, Lagrangian model, Performance evaluation, Moroccan
Atlantic coast, Agadir coast. .
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RÉSUMÉ

Les systèmes côtiers comptent parmi les écosystèmes les plus productifs du continuum
aquatique terre-océan, mais ils sont également soumis à de fortes pressions climatiques
et anthropiques. Des observations trop rares ont empêché la compréhension des inter-

actions complexes entre la qualité de l’eau, l’hydrodynamique côtière et les transformations
biogéochimiques. Malgré les progrès réalisés dans la modélisation côtière, peu de ces modèles
de simulation sont vus en relation avec l’Atlantique Nord-Est subtropical. Comme première
étape vers notre objectif final de fournir un outil d’aide à la décision pour la gestion côtière de
l’Afrique du Nord-Ouest (Côte Atlantique Marocaine), cette étude a mis en œuvre un 3D modèle
hydrodynamique-biogéochimique (MOHID) de la côte d’Agadir. Le modèle hydrodynamique a
été forcé de l’extérieur par les données météorologiques, le forçage océanique de marée et les
conditions aux limites de la côte d’Agadir. Il a été utilisé pour calculer le niveau de la surface
de la mer, les constituants harmoniques de la marée et les facteurs physiques, notamment la
température et la salinité de l’eau. Le modèle a été inclus avec la masse injectée des traceurs en
utilisant le modèle de transport lagrangien qui a été utilisé pour calculer le temps de résidence
local (RT) et estimer le chemin possible des traceurs passifs. Le transport scalaire pré-calculé et
les conditions aux limites de la solution hydrodynamique ont ensuite été utilisés pour effectuer
des calculs biogéochimiques dans un model couplé hors ligne. Le modèle a été utilisé pour explorer
les modèles spatiaux et saisonniers de la dynamique des paramètres physico-chimiques et de la
limitation des nutriments sur la croissance du phytoplancton. Le modèle a été calibré et validé en
utilisant une combinaison de mesures in-situ disponibles, de produits satellitaires, de climatologie
et de données de flotteurs ARGO. Malgré quelques divergences, les résultats ont révélé une bonne
correspondance entre les simulations et les observations, ce qui souligne la faisabilité du modèle
dans la simulation des principales caractéristiques dynamiques de la côte d’Agadir. Les résultats
globaux suggèrent que l’interaction entre la bathymétrie et les vents dominants d’ouest et de
nord-ouest, une circulation barocline à double gorge, dominant la circulation générale affectent
la distribution des paramètres physico-chimiques et des nutriments. Le nitrate apparaît comme
le facteur clé contrôlant la dynamique du phytoplancton. L’épuisement du nitrate se produit
plus rapidement, entraînant la zone vers une limitation de l’azote. L’efflorescence des flagellés
(domine la Chl-a totale) coïncide avec le réchauffement des températures de l’eau, des salinités
plus élevées, une stratification intense et des concentrations de nutriments plus faibles. Cela
a des répercussions importantes sur le flux de carbone dans la zone d’étude, car les flagellés
contribuent à une faible exportation de carbone vers les eaux plus profondes par rapport aux
diatomées.

Mots-clés : Qualité de l’eau, Nutriments, Phytoplancton, Limitation en azote, Modélisation
biogéochimique, Modélisation hydrodynamique, MOHID, Modèle Lagrangien, Évaluation des
performances, Côte Atlantique Marocaine, La côte d’Agadir.
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INTRODUCTION

1.1 General context

W The ecosystems Water plays a crucial role in human well-being, socio-economic devel-
opment, and ecosystem sustainability [454]. Water is considered to be the most valuable
and universal resource, it contains nutrients and is regarded as a carrier of energy thus,

water systems intersect with different aspects of society, industry and the natural environment
[433]. The increased stress on limited water resources has reached a tipping point in recent
years, resulting in reduced water availability as well as jeopardized water quality [402]. The
ecosystems cannot function well without adequate water supplies of appropriate quality, making
water scarcity a critical stressor in major aquatic ecosystems [463]. Simultaneously, the serious-
ness of the problem has risen in frequency and magnitude at a global scale [76, 205] due to the
combination of climate change and increasing world population [342, 409, 424].

Over the past years, climate change has become a major threat to coastal systems [93]. Sea
level rise, modifications in precipitation and wind patterns as well as extreme events, such as cold
waves, heat and storms are being caused by global warming [93]. These alterations are expected
to continue throughout the twenty-first century affecting the dynamics of coastal ecosystems (e.g.,
[382]). Climate projections for the end of the twenty-first century show an increase air tempera-
ture and global mean sea level [93]. These changes will have an direct impact on the temperature,
and salinity as well as depths of the water column in ecosystems [404], thus influencing nutrient
fluxes in the sediment-water column and consequently the phytoplankton dynamics [70, 356],
among others. According to the Framework Convention on Climate Change, climate change is
directly or indirectly linked with anthropogenic activities [2]. Nevertheless, increasing world
population has produced growing demand and consumption of water over the past half century
[3]. Scenarios of global population are expected to increase to 9.2 billion by 2050 with a peak at
9.3 billion in 2062 [71], leading to a predicted increase in global water demand of 55% by 2050
[486]. In parallel, according to the United Nations [198], the urban population is projected to
increase by 72% by 2050, from 3.6 billion in 2011 to 6.3 billion in 2050.

This, combined with unprecedented economic growth, is expected to result in a doubling of
urban water demand by 2025 [454]. Furthermore, global demand for water is expected to outstrip
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CHAPTER 1. INTRODUCTION

available resources by 40% by 2030 if current trends continue [480]. These developments are
putting unprecedented stresses in aquatic ecosystems and in a broader context, as suggested
by [348], will lead to the governments facing ever increasing difficulties in effectively managing
their water resources. Some of the world’s largest rivers including the Rio Grande, Colorado River,
the Yellow River, and Indus River have dried up before they reach their river mouths [351]. Major
problems in coastal waters include wastewater, oil spills, runoff effluents, fish culture, recreation,
land reclamation, and eutrophication [66, 242, 286].

Eutrophication is often suggested a main threat to coastal ecosystems [107, 230, 286], as it
may impact the nutrient cycles [341], induce hypoxia/anoxia conditions [141, 434], that promote
harmful or toxic algal blooms [155], among others. These undesirable effects of eutrophication
are often related to excessive supply of nutrients, especially nitrogen and/or phosphorus [108].
However, to control biomass growth, it is critical to understand growth of limiting nutrients
[108, 157]. Overall, fresh waters are inspected to be phosphorus limited due to a high N:P ratio
[163] and nitrogen fixation [399]. In contrast, marine waters are inspected to be nitrogen limited
due to slow nitrogen fixation, high denitrification and sediment release of phosphorus [343].
Estuaries are in the transitional zones between marine and freshwater systems, thereby usually
exhibited complicated patterns in nutrient limitation [108]. Other limiting factors such as such
as temperature, light, grazin, residence time of water can be considered as the major factors that
affect changes of biomass in coastal ecosystems [38].

Therefore, the challenge is to develop a management tool to address environmental problems,
to improve understanding of ecosystem properties as well as to predict the results of climate and
human action affecting coastal ecosystems.
Numerical model incorporates mathematical formulations that can be used to describe the hydro-
dynamics and water quality of an ecosystem in response to forcing factors. It can be developed
based on the existing knowledge of hydrodynamics and biogeochemical processes, and it can be
tested against observations. Duly calibrated water quality model can capture the time-space
variations in a coastal ecosystem and therefore be a valuable tool to assess the dynamics of the
coast for an efficient and effective management system [104, 191, 407].

Hydrodynamic model can be used to predict water temperature and salinity as well as under-
stand the way coastal circulation respond to forcing factors (e.g., tidal action, freshwater inflow
and weather events). For example, air temperature influences water temperature, which may
promote the development of water column stratification and induce eutrophication [80, 173].
Similarly, wind has a direct impact in upwelling/downwelling [171, 372] that may affect coastal
circulation. Many coastal ocean hydrodynamic models, such as regional ocean modeling system
(ROMS), estuarine and coastal ocean model (ECOM), semi-implicit eulerian lagrangian finite-
element model (SELFE), Princeton ocean model (POM), Estuarine Coastal and Ocean Modeling
system with Sediment (ECOMSED), curvilinear grid hydrodynamic 3D model (CH3D), environ-
mental fluid dynamics code (EFDC), advanced circulation (ADCIRC), finite volume coastal ocean
model (FVCOM), unstructured-grid tidal residual in marshes (UnTrim), and others have been
developed, calibrated, validated to simulate the ocean currents in complex coastal regions and
applied in support of water quality management activities. Many of them (ROMS, EFDC, ECOM
and CH3D) have biogeochemical modules directly coupled to hydrodynamics [236, 276].They can
also conducted as a basis for water quality assessment or for coupling with biogeochemical models
[254]. When the objective is to simulate changes in nutrient supply, phytoplankton growth, as
well as contaminant transport, distribution and fate in coastal ecosystems, increased local grid re-
finement is required [236]. Tools such as Modelo Hidrodinâmico (MOHID Water), Computational
Aquatic Ecosystem Dynamics Model (CAEDYM), water quality analysis simulation program
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(WASP), Corps of Engineers 2-D Hydrodynamic and Water Quality Model (CE-QUAL-W2) and
European Regional Seas Ecosystem Mode (ERSEM) are examples of biogeochemical models.
These been mostly coupled with hydrodynamic models and have been largly used for assessing
the circulation and water quality over the scale of the larger waterbody.

Although water quality modelling applications have emerged globally, 3D coupled hydrodynamic-
biogeochemical modelling implementation to simulate water quality of coastal ecosystems are still
missing in many countries in subtropical regions such as Moroccan Atlantic coast (North-West
Africa) [379].

Moroccan Atlantic coast is the most important ecosystem on the North-West Africa. The influ-
ence of the large-scale coastal processes (e.g., azores and Canary Currents, upwelling/downwelling)
(e.g., [21, 273, 390, 391] makes it very productive in terms of phytoplankton biomass (Chl-a up
to 10mg.m−3) and primary production (up to 5gCm−2.d−1) [32, 249]. Agadir area is one of the
most productive ecosystems on the southwestern part of Morocco, providing crucial valuable
resources for several economic activities in the region, namely fishing, aquaculture and recre-
ational activities [91, 190, 245]. Growing population of about 624,960 habitants in 2016 and an
expected increase to more than 1 million individuals in Agadir Ida-Outanane district by the end
of 2021 [196], land use, industrial and urban expansion and human activities differ widely but
their combined intensities give rise to immense environmental problems leading to deterioration
of water quality [10, 64, 190, 245].

The main objective of this study is to develop an integrated modelling framework that can
couple high-resolution downscaled weather data with a 3D hydrodynamic and biogeochemical
model to simulate different physical, chemical, and biological processes in complex subtropical
coastal environments.
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1.2 Research Goals

The main purpose of this study is to provide a decision support tool for coastal management
of North-West Africa (Moroccan Atlantic coast). More specifically, the ultimate goal is the im-
plementation of a comprehensive integrated water qualiy modeling approach towards a better
understanding the main hydrodynamic and biogeochemical features of the Moroccan Atlantic
coastal water body.

The specific goals are as follows:

1. To explore the emerging trend of coastal science in Moroccan Atlantic coast between 1971
and 2021.

2. To explore the emergence of research literature on water quality modelling applications
within the Atlantic area published from 1981 to 2021.

3. To improve understanding of hydrodynamic characteristics of Agadir Bay and the response
of the sea surface level and physical factors, especially water temperature and salinity to
physical forcing.

4. To explore the the reliability of model performance and the uncertainty associated with
model forecasts.

5. To calculate the RT and estimate the possible pathways of surface passive tracers.

6. To explore the spatial and seasonal patterns in the dynamics of physic-chemical factors
(water temperature, salinity and DO) and nutrient limitation nutrients (nitrogen (N),
phosphorus (P) and silicium (Si)) on phytoplankton growth (diatoms and flagellates).
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1.3 Outline

In chapter II, a comprehensive review is carried out using bibliometric analysis in conjunction
with network analysis to describes qualitatively and quantitatively the progress, trends, and
hotspots of coastal science in Moroccan Atlantic coast. The performance of 4891 publications
(1971-2021) covering annual outputs, document types, language of publication, mainstream
journals, the impact of the research by research area, coastal habitat type and study area are
investigated. Afterwards, co-words, co-authorship, co-country analysis and cluster analysis are
conducted using VOSviewer software.

In chapter III, science mapping approach is used to explore the emergence of research
literature on water quality modelling applications within the Atlantic area published from 1981
to 2021. The study sought to document the general research trend, the influential journals,
authors, and institutions, topical foci, identify the most frequently applied model, the water body
types and the areas within which models are mainly applied. A database of 1952 potentially
relevant publications (2548 individual modelling applications) are analyzed using Microsoft Excel,
VOSviewer and ArcGIS.

In chapter IV, 3D hydrodynamic model MOHID Water coupled with a Lagrangian transport
model is implemented and explored to improve our understanding of hydrodynamic features of
the Agadir coast. The model is calibrated and validated against meteorological conditions, sea
surface level, harmonic tidal constituents, water temperature and salinity. Thereafter, it is used
to estimate the local residence time (RT) and determine the pathway of passive tracers.

In chapter V, a 3D coupled hydrodynamic-biogeochemical model is performed in order in-
vestigate the time-space distribution of inorganic nutrients (nitrate, phosphate and dissolved
silica), and their control on phytoplankton (diatoms, flagellates) biomass on the Agadir coast. The
model is calibrated and validated against satellite observations and climatology data. The model
achieved satisfactory representation of the sea surface temperature, chlorophyll-a, and a reason-
able agreement in the seasonal pattern of inorganic nutrients. The dynamic of phytoplankton
and their response to nutrient limitations and environmental factors variations are discussed
and pertinent conclusions are summarized. These chapters are based on previously published or
submitted papers by the author during the time frame of this PhD research.

In chapter VI, a general conclusion related to the accomplishment of the objectives of this
thesis, as well as recommendations for future work are provided.
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CHAPTER 2. TRENDS AND HOTSPOTS OF COASTAL SCIENCE IN MOROCCAN ATLANTIC
COAST: A BIBLIOMETRIC ANALYSIS

2.1 Résumé du chapitre

Les résultats de ce chapitre ont fait l’objet d’un article soumis pour publication au journal “Science
of the Total Environment”.

Dans ce chapitre :

L ’exploration scientifique des écosystèmes côtiers s’est avérée cruciale dans la mise en
œuvre d’un programme de gestion basée sur les écosystèmes lorsqu’elle est efficacement
analysée et communiquée à toutes les parties impliquées dans la science côtière [262].

Bien qu’un ensemble considérable de connaissances scientifiques se soit concentré sur la côte
atlantique marocaine, sa gestion globale semble être un défi. Des difficultés telles que le faible
financement de la recherche synthétique en science côtière pourraient entraver une gestion
efficace des connaissances.
Dans cette revue, nous explorons la tendance émergente de la science côtière sur la côte atlantique
marocaine en utilisant une analyse bibliométrique en conjonction avec une analyse de réseau.
Nous décrivons qualitativement et quantitativement les progrès, les tendances et les points
chauds des publications, les revues, les auteurs et les pays influents, l’impact de la recherche par
domaine de recherche, type d’habitat côtier et zone d’étude. Nous avons identifié 1952 documents
publiés entre 1971 et 2021. L’analyse des co-mots, co-auteurs, co-pays et les clusters sont visualisés
à l’aide du logiciel VOSviewer. Les résultats soulignent une nette disparité dans l’évolution de la
recherche, 52% du total des publications ont été produites entre 2011 et 2021. 80% d’entre eux ont
été publiés sous forme d’articles de journaux. Le Journal of Materials and Environmental Science
est la revue la plus active. 75% des publications sont limitées aux zones côtières et lagunes. En
revanche, les habitats tels que les dayas et les oasis ont reçu peu d’attention. L’hydrobiologie et
de l’écologie ont été largement investigués et progressivement approfondis. L’analyse a également
révélé un biais de recherche significatif contre le littoral sud-central, les régions de l’Atlantique
marocain qui ont un besoin élevé de recherche. En revanche, l’industrialisation rapide de la région
du nord a pu favoriser l’établissement de nouvelles collaborations entre l’industrie locale et les
scientifiques, engendrant un soutien financier privé pour les activités de recherche universitaire.
En bref, cette analyse suggère que l’effort scientifique futur sur les écosystèmes côtiers atlantiques
marocains devrait soulager les biais existants en augmentant la recherche multidisciplinaire sur
les systèmes intégrés et en encourageant le transfert interrégional des ressources de recherche
vers les zones de faible effort de recherche, avec un accent particulier sur les écosystèmes de
recherche critiques du littoral Sud.
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2.2. ABSTRACT

2.2 Abstract

Despite the growing focus in coastal conservation practice towards scientific evidence-based
decision making, there remains a need for enhancing knowledge management and its
implication in coastal management planning. Herein, we adopts bibliometric analysis in

conjunction with network analysis to describes qualitatively and quantitatively the progress,
trends, and hotspots of coastal science in Moroccan Atlantic coast. A total of 4891 publications
from 1971 to May, 2021 were collected. The performance of publication covering annual outputs,
document types, language of publication, mainstream journals, the impact of the research by
research area, coastal habitat type and study area were investigated. Thereafter, co-words, co-
authorship, co-country analysis and cluster analysis were conducted using VOSviewer software.
The findings underscore a clear disparity in the research evolution, 52% of the total publications
were produced between 2011 and 2021. 80% of them were published as journal articles. Journal of
Materials and Environmental Science was the most active journal. Behind Morocco, France and
Spain researchers have made the main contributions to this research area. 75% of publications
have been limited to the coastlines and lagoons. In contrast, habitats such dayas and oasis have
received little attention. Hydrobiology and ecology topics have being largely investigated and
gradually deepened. The analysis also revealed a significant research bias against the south-
central coastline, the regions of Moroccan Atlantic that have a high research need. This analysis
suggests that future scientific effort on Moroccan Atlantic coastal ecosystems should relieve
existing biases by increasing multidisciplinary integrated system research and encouraging inter-
regional transfer of research resources to areas of low research effort, with a special emphasis on
the critical research ecosystems in the southern coastline. Finally, some key recommendations
were raised for strengthening the implementation of knowledge management within the concept
of sustainable coastal management.

Key–Words : Coastal science, Moroccan Atlantic coast, Bibliometric analysis, Network analy-
sis, Research trend
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COAST: A BIBLIOMETRIC ANALYSIS

2.3 Introduction

The keyword ‘Policy relevance’ is usually used when research results can assist to solve the
issues faced by society in an appropriate way [465]. Research in an ideal world would provide
a consistent direction for policy to address specific societal and environmental issues [255]. In
the real world, the situation is more complicated. It is difficult to draw specific guidelines from
research that policymakers and managers require for the implementation of a management plan
[115].

While challenging to address in the context of sustainable development concerns, there is
still a pressing need for further consideration of the practical strengthening research findings
to support policy-decision making [333]. The challenges of conducting scientific research that
crosses traditionally distinct disciplines and involves researchers, practitioners and intermediary
actors are much more complex in coastal ecosystems that are marked by tipping points and
ecological thresholds in their functioning [207, 475]. The degradation of coastal ecosystems, and
their complexities suggests that the coastally oriented research community has a responsibility
to periodically investigate its priorities and communicate efficiently data gaps and scientific
information needed to address such issues [23, 256]. Their management spans a range of sectors
including environment, health and education, fisheries and conservation, coastal aquaculture,
water and energy, coastal tourism, coastal development, coastal biotechnology, pollution, climate
change, impact of ocean acidification in coastal ecosystems, invasive species and coastal biodiver-
sity, coastal economy, laws, regulations and politics and poverty [68, 79, 98, 466]. Consequently,
policy-makers may acquire scientific evidence from across a wide variety of disciplines including
ecology, social sciences, economics etc.[109, 256]. Strengthening, however, cross-disciplinary sci-
entific collaboration for effective management of coastal areas [385].

As coastal pressures mount, there is an increasing need for research framework programmes
to conceptualize complex coastal issues, enhance research organization and lead scientist to
supports the regulation, management, adaptation and resilience of coastal ecosystems [256, 340].
These pressures are largely arising from the combined effects of climate change (e.g., [317, 375,
469]), anthropogenic factors (e.g., [120, 221, 288, 461]), industry and tourism (e.g., [485, 499]),
waste disposal and land-based pollution (e.g., [266, 295]), coastal cabling for communications
(e.g., [282, 462]), transport and energy production (e.g., [61, 338]), seaport/shipping development,
coastal groundwater extraction, coastal mining and other human activities. Imperfect legal and
insufficient education, cooperation and funding for coastal ecosystems conservation [430]. It
is the case of the Moroccan Atlantic coast that extends for about three thousand kilometres.
The coast is a complex mosaic of different environments (coastal dunes, beaches, deltas, salty
and fresh water marshes, rocky cliffs, mangroves, bays, lagoons and estuaries etc.) with great
ecological, social-cultural and economic values [54, 90, 307]. Scientific understanding of these
ecosystems has proven crucial in the implementation of ecosystem-based management program
(EBM) when effectively analyzed and communicated with all stakeholders involved in coastal
science [262, 430].

Although considerable body of scientific knowledge has centered on the Moroccan Atlantic
coast, its comprehensive management appears challenged. Difficulties such as deficiency in
scientifically sound planning, shortage of baseline information, lack of communication between
researchers and users of science, poor funding for synthetic research in coastal science could hin-
der effective knowledge management. Nonetheless, most researchers focus on one/some specific
researcher topic (s), to our knowledge, there is no review summarizes the research trends and
revealed the emerging trend of coastal science in Moroccan Atlantic coast. Hence, a comprehen-
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2.3. INTRODUCTION

sive review can be carried out using bibliometric tools, and a network analysis for clustering
and mapping the relevant scientific information [428]. Herein, we review the research on coastal
science in Moroccan Atlantic coast via bibliometric analysis in conjunction with network analysis
using VOSviewer software.

1. A total of 4891 publications are analyzed from 1971 to May, 2021.

2. The variation in the characteristics of total publications, year of publication, document type,
language of publication and journal coverage are summarized.

3. The distribution of publication outputs by research area, coastal habitat type and study
area are analyzed.

4. The co-occurrence analysis of keywords, authors and countries are visualized.

5. The future directions and enabling actions that can be undertaken to facilitate the imple-
mentation of knowledge management within the concept of sustainable coastal management
are discussed.
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2.4 Methodology

2.4.1 Data collection

To ensure sufficient coverage, search databases include Scopus (Elsevier), Web of Science
(Clarivate Analytics) and Google Scholar (Google Group) were used to compile a bibliography of
all publications referring to the research on Moroccan Atlantic coastal ecosystems.

The Scopus databas (https://www.scopus.com/) holds the largest number of journals and
provides outcomes of more consistent accuracy in comparison to other databases [269, 293, 296].
As checked in May 2021, Scopus was indexing more than 81 million items and over 25,000 titles
from 7000 publishers worldwide and get access to 1.7 billion of cited references [158]. It has
double the number of indexed journals than the Web of Science database [432].

Maintained by Clarivate Analytics, Web of Science (https://clarivate.com/webofsciencegroup/
solutions/web-of-science-core-collection/) covers all journals indexed in Emerging Sources
Citation Index (ESCI), Social Sciences Citation Index (SSCI), Science Citation Index Expanded
(SCIE) and Arts and Humanities Citation Index (AHCI) [180]. It allows for acquiring long and
complex search queries [432].

The other robust source of references used in the review was the Google Scholar database
(https://scholar.google.com/), used by its turn to track, sort, analyze, and visualize publi-
cations [293]. More sources as Hal (https://hal.archives-ouvertes.fr/), Theses.fr (http:
//www.theses.fr/) and Otrohati (https://otrohati.imist.ma/) were used search engine for
PhD defended.

Furthermore, only keywords were selected for retrieval to improve the accuracy of the results
and increase the degree of correspondence with the literature. All possible combinations of key-
words related to the topic were searched without language restriction between 1971 and 2021.
The selected study period encompasses period of enormous change in the ecology and economy of
the Moroccan Atlantic coast.

In order to allow a better understanding of the temporal evolution of the topic, documents
were aggregated according to their year of publication, into six groups of nine-year intervals
(except the last one) corresponding to the last five decades (1971–1980; 1981–1990; 1991–2000;
2001–2010; 2011–May, 2021). This is a sufficiently extensive period yields useful insight and
establishes the general research trends. A total of 6340 documents were retrieved for further
analysis.

2.4.2 Refinements of the results

The selected data included of the following information: “document title”, “author (s)”,
“affiliation(s)”, “document type”, “journal title”, “language”, “year of publication”, “institution(s)”,
“abstract”, “author keywords”, “citation count” and “bibliographical information” were downloaded
for further examination. Full records were downloaded into a reference manager (Mendeley)
where duplicates were removed, saved to CVS format and then exported to VOSviewer for a
subsequent analysis. Linlog/modularity approach of normalization and citations was selected as
option for weights in the visualization scale. It is important to note that the download records
were manually retrieved to solve issues such as missing data. Record was standardized with same
formatting to extract the relevant information. After data cleaning, 4891 documents remained
for analysis (Fig. 2.1).
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2.4. METHODOLOGY

Figure 2.1: Procedure for the bibliometric analysis used in this paper.

2.4.3 Data analysis

As an indicator of scientific impact and production, the annual distribution of the published-
document number and the contribution of documents for each of the authors, the number of total
citations, average citations per article, impact factor (IF) of journals were investigated. The IF
of a journal was obtained from the Journal Citation Reports (JCR) (clarivate.com/products/
web-of-science). In addition, the high frequency keywords were extracted to reveal research
hotspot. The impact of research by habitat type, research area and study area were anlyzed in
this study.

2.4.4 Data visualization

Microsoft Excel 2017, ArcGIS (version 10.5) and VOSviewer (version 1.6.9) visualization
softwares were engaged to provide visual insights of coastal research. VOSviewer [458] was used
to read the data was standardized using fractionalization mode to perform a network analysis
[428]. It was adopted in this study to visualize the relationships among the top productive authors,
research institutions and the co-occurrences of keywords [175, 258]. Network diagrams include
nodes and links. Nodes reflect different components such as author, institution, and keywords. The
size of nodes in the network is proportional to the number of publications (or frequency); the larger
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the node, the greater the number of publications or the higher frequency [175, 260, 459]. The
thickness and length of links between nodes reflect relationships of collaboration, co-authorship/co-
occurrence, or co-citations [353]. The color of the node/lines reflects different clusters or years
[260].

2.5 Results

2.5.1 Bibliometric analysis

2.5.1.1 Publication years, document type and language of publication

The annual distribution of the published-document number express the overall situation and
research patterns, while the latter highlights the overall trend features considering different de-
velopment time periods. Thus, the combination of published literature referring to the Moroccan
Atlantic coastal ecosystems and fixed time window was achieved (Fig. 2.2).

Due to the small number of early publications, the present study uses 1971–1980, 1981–1990,
1991–2000, 2001–2010, and 2011–2021 respectively as first to fifth research periods. In the first
decade (1971–1980), the increasing number of published documents per year was no more than
36 publications. In the second and the third decades, research grew slowly but steadily, and the
annual average document number varies slightly between years. In last decade (2011–2020),
the number of research documents increased rapidly, reaching a peak of 330 publications in
2020, signaling a surge in research activity throughout the coast over the last decade. It is worth
mentioning that the year 2021 was represented by 194 publications considering the months of
January to May.

Four-fifths of the total documents were published as journal articles (3924 publications;
80.22% of total documents) and more than three-twenty as scientific bulletins (6.9%) and theses
(6%). Conference papers (3.43%), scientific reports (2.92%) and book sections (0.57%) comprised a
small portion of the published documents. Almost one-twenty (4%) of documents were published
as journal articles during the early phases of research (1971–1980) and more than one-half
(51.68%) during the most recent period (2011–2021) (Fig. 2.2).

The languages of all publications were grouped. The result shows that French (2457 pub-
lications; 50%) and English (48%) were by far the dominant academic language in the coastal
research field. Several other languages including Spanish (0.65%), German (0.29%), Arabic (0.2%),
Russian (0.12%) and Portuguese (0.04%) also appeared.
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Figure 2.2: Number of publications per document type by years.

2.5.1.2 Journal publication

A total of 924 articles were published in a wide range of 1005 national and international
journals. Table 2.1 summarizes the top journals (2.4%) in descending order with respect to the
total number and percentage of published articles published (TP), impact factor (IF), and journal
subject category. According to the category description in the SCImago Journal and Country
Rank, coastal sciences covers resources concerning many aspects of the of the study of the coastal
areas, among them environmental chemistry, environmental geology, water quality, oceanography,
eco-toxicology, monitoring and coastal health. Journal of Materials and Environmental Science
published the most articles with 126 articles (3.2%). Journal of African Earth Sciences ranked
second with 70 articles (1.78%) while Deep-Sea Research Part I: Oceanographic research papers
(1.07%) and AACL Bioflux (0.92%) ranked 3rd and 4th. The most commonly cited article was
published in the 3rd position journal with 1188 citations. International Journal of Advanced
Research ranked on top productive journal with the highest impact factor of 5.228, reporting
that on average, the articles published in this journal has been cited five or more times per year.
Progress in Oceanography ranked 2nd with an impact factor of 4.06 and 944 citations. More than
half (58.86%) of articles have published between 2011 and 2021. From 1981 to 1990, journal with
most publications was Deep-Sea Research Part I: Oceanographic research papers. They have
published almost two times as many articles than the second in the table, which is Journal of
African Earth Sciences. Over the time, research priorities have changed, so too has the interested
journal. Comptes Rendus de l’Académie des Sciences and Comptes Rendus Biologies were the
most productive journal with during the period 1991–2000 and 2001–2010, respectively. Since the
2011s, Journal of Materials and Environmental Science (126 articles) has become the preferred
journal in which scientists have published their research on coastal science.
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2.5. RESULTS

2.5.1.3 Research area

The dynamic changing process of knowledge areas over time period is analyzed (Fig. 2.3a).
Hydrobiology (33 publications; 15%) and ecology (in a broader sense) (14.7%) dominated research
during the first decade (1971-1980), but with advancing time, the research began to emerge and
studies were progressively used to answer a wider range of questions. Hydrology (19.7%) and
marine geosciences (17%) maintained a steady growth while algology (1.47%) and energy (1.47%)
dipped in the second decade (1981-1990). Microbiology/Genetic (2%) was a new research points
that appeared in this decade. In the third decade (1991–2000), hydrobiology (17%) and hydrology
(15.44%) continued to be a concern. Ecotoxicology (14.8%) has a sudden increase from the third
to the fourth decade and become a new research hotspot during this time period. In last decade
(2011–2021), ecology (14.7%) and hydrology (13.6%) became crucial issues of coastal science.
Other aspects, such as modeling and remote sensing monitoring methods including geographic
information system (GIS), have received much more attention since then. Otherwise, climate
change and oceanography received minor attention.

2.5.1.4 Coastal habitat type

During the first decade, publications were analyzed a limited variety of coastal habitats.
However, from the 207 published documents between 1971 and 1980. Almost half of them (130
publications; 48%) have been limited to the coastline studies, more than one-fifth to the cape
(12.5%) and estuaries (8%). The remaining habitats (lagoons, bays and beaches) were only
the focus of 15% of the documents (Fig. 2.3b). In the second decade (1981-1990), the numbers
of publications investigating the coastline has increased (155 publications; 47%). Estuaries
(15%) and lagoons (15%) were the focus of over than one-third of the published documents.
Recently (2011-2021), more than half (1691 publications; 63%) of the publications was devoted
to investigate the coastline, 11.44% was conducted to analyze lagoons, 7% for estuaries, 5.6%
for bays and 4.2% for capes. The remaining 8% were split between beaches (3.4%), marshlands
(1.8%), harbours (1.2%), dayas (0.8%) and oasis (0.8%).

Figure 2.3: Distribution of publications by (a) research area and (b) habitat type during the last
five decades: 1971-1980, 1981-1990, 1991-2000, 2001-2010 and 2011-May, 2021.
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2.5.1.5 Geographic extent

Fig. 2.4 shows the Moroccan Atlantic map with the most productive areas in terms of
total number the published documents. Agadir coast including Agadir Bay, Agadir harbour
and Taghazout Bay had the highest volume of scientific published studies and positioned at
the top of the ranking with 538 (11%) publications; Casablanca coast ranked second with 481
(9.8%) publications. This is followed by Cape Blanc, which is ranked 3rd, with production
increasingly closer 255 (5.21%) publications. Essaouira coast and Oualidia lagoon ranked 4th
(236 publications; 4.8%) and 5th (220 publications; 4.5%), respectively. El Jadida Bay ranked 6th
with 203publications (4.15%), rabat coast ranked 7th with 203 publications (4.15%) and Moulay
bouslham lagoon ranked 8th with 180 publications (3.7%). The geographic distribution of the
published literature appears to be unevenly distributed across the Moroccan Atlantic coast (Fig.
2.4); Overall, the Northern Atlantic areas were clearly dominated the research throughout all
analyzed period followed by the central Atlantic areas, while, areas that receive relatively little
attention were situated in the southern coast.

Figure 2.4: Geographical distribution of the most productive areas by of number of publications
(1971–2021).
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2.5.2 Network analysis

2.5.2.1 Co-words analysis

Co-word analysis is a key technology for content analysis [291]. It permits researchers to visu-
alize the problematic networks and discover scientific research hotspots. In this section, we base
on the frequency of words appearing in titles, keywords and abstracts to capture co-occurrence
relationships among different keywords. We set the minimum number of keyword occurrences to
10. Of all 14409 keywords, 497 meet the threshold. The co-occurrence relationships among these
497 keywords was visualized and the total strength of the links between them was calculated.
The co-occurrence map of keywords with the greatest total link strength is shown in Fig. 2.5. The
size of the circle illustrates occurrences of keywords, and high occurrences typically have strong
link strength. Keyword clustering divides the research contents into five clusters, where each
one is distinguished by a different color. The red cluster involved the analysis of sedimentology,
paleoecology, biostratigraphy, paleoceanography of the coast. The green cluster referred to the
distribution of phytoplankton biodiversity in the coastal upwelling system (Moroccan Atlantic
coast). The blue cluster focused on the evaluation of water quality pollution and environmental
monitoring of heavy metal contamination in coastal waters. Indeed, heavy metals received focus
on a high degree in coastal pollution research during the study period. Copper, cadmium and

Figure 2.5: Keywords co-occurrence and clusters.
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manganese addressed, respectively, more concern in coastal contamination. The purple cluster
has connections with keywords mainly related to the Assessment of groundwater water quality
and chemistry especially in the region of Casablanca-Settat and Essaouira. Finally, the yellow
cluster involved mainly the human behaviour as an ecological driver of non-human evolution in
coastal areas.

2.5.2.2 Co-authorship analysis

We set the minimum number of corporation document of an author as 8, of 7946 authors, 110
meet the threshold. For each of the 110 authors, the total strength of the co-authorship links
between the authors was calculated. A collaboration network for the most productive authors was
presented (Fig. 2.6). Using cluster analysis, authors were aggregated into 12 clusters, each one
is marked with different color. It worth noting that Abdellatif Moukrim and Mohamed Maanan
have highest publications and corporation number with other researchers.

Figure 2.6: Authors’ co-authorship network analysis.

2.5.2.3 Co-country analysis

As for co-country analysis, we set the minimum number of documents of a country as 10,
of all 128 authors, 25 meet the threshold. For each of the 25 countries, the strength of the
co-authorship links (LS) between the countries was calculated. The greatest relationship between
countries of affiliation for each co-author were visualized (Fig. 2.7). The lines attach the countries
whose authors have cooperated. Countries with the same color were commonly being cooperated
more often than others. Generally speaking, Morocco played a central position with the highest
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total collaboration intensity (LS = 823). The link strength between Morocco and France was
maximum (LS = 571) with 537 collaborative publications, this could be an indicator of how wide of
international cooperation was carried out. Spain and Germany ranked second and third with LS
= 267 and LS = 203, respectively. The cooperation between Morocco and European countries was
much more active than African countries. With the continuous development of coastal science,
African and Asian countries should strengthen their international cooperation with Morocco to
improve their accomplishments.

Figure 2.7: Co-country network analysis.

2.6 Discussion and concluding remarks

2.6.1 Research effort in coastal science

Although the growing pressures on coastal ecosystems are still apparent, the future of
Moroccan Atlantic coast looks promising since the government understands that the use of the
coast under the Coastal Blue Economy Growth (CBEG) concept with the Sustainable Development
Goals (SDGs) and the United Nations Decade of Ocean Science for Sustainable Development
(2021-2030) [113] requires concerted efforts on coastal science [109]. The information provided
here concerning research effort in Moroccan Atlantic coast express the growing concerns about
the scientific understanding of these coastal ecosystems. Indeed, 77.9% of the total publications
were produced during the last two decades.
This sharp increase in the number of publications coincides with:
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(a) Passage of a series of conventions (Integrated Coastal Zone Management (ICZM) protocol of
the Barcelona Convention, Ramsar Convention) and legislation (law N°13-03; N° 31-06; N° 81-12)
that favoured field research, data collection, and article publication;

(b) Implementation, in progress, of the National Coastal Plan and the regional plans provided for
by the Coastal Law (Dahir No. 1-15-87 of July 16, 2015 ; Kingdom of Morocco, 2015) that shape
their coastal monitoring requisites;

(c) Achievement of the Institutional Training Program that assisted research projects in coastal
and oceanic ecosystems ; accomplish the institutional purpose and strategic planning priorities in
various areas of activity: scientific research, scientific advancement, data collections, knowledge
communication, contribution of science to technology.

The Atlantic coast is dominated by three main forms of ecosystem: sandy beaches (2% of
the coastal line), rocky coasts with cliffs (63%) and wetlands (35%), often classified as sites of
biological and ecological interest [151]. Among wetlands, coastline and lagoon valuations have
appeared at consistently high levels of published literature across the period. Oualidia lagoon is
among the most investigated lagoons (220 publications).

The population around the lagoon has increased from 7,741 to 18,616 inhabitants between
1971 and 2014 [154] leading to pressures as seaweed harvesting, sand extraction, traditional
fisheries and oyster aquaculture [57, 60, 153, 279]. Such activities are responsible for nutrient
enriched from the cultivated areas that cover 78% of the catchment [133]; input of organic matter
from aquaculture and phosphate enriched from the adjacent phosphate mine [132, 133]. These
nutrients stimulate an increase in chlorophyll levels within the lagoon ecosystem [152]. In conrast,
scientists draw little attention to ecosystems such Khenifiss lagoon (94 publications), where the
anthropic impacts are not detected at present [154]. The lagoon is a protected area that has been
designated by UNESCO as a world heritage site [154]. Beside, since the implementation of the
Water Framework Directive [441], the hydrobiological status of the Morocan atlantic coastal
ecosytems (14%) has been considerably investigated using a set of ecological tools that enhance
biological assessments in highly dynamic aquatic ecosystems [130]. We also recognize that the
efforts for coastal conservation have been broader by improving the links between ecotoxicology
(12%) and biological assessment tools [240, 290, 474].

In spite of the optimistic attitudes of research tendency, it is worthwhile to note that further
efforts are still required in energy (2.9%), climate change (2.9%), remote sensing (3.2%) and
ecosystem modelling (4.7%). Indeed, for many monitoring situations the application of statistical
analysis is sometimes suitable compared to the application of numerical simulations [228]. This
is attributed to the simplicity of the statistical approach in comparison to modeling and their
direct implementation through low-cost specialized software yielding consistent results [228].
In contrast, a direct observation in a system is insufficient, management strategies are more
effective if designed to prevent unpleasant circumstances [55]. Environmental models are suitable
for coastal and marine monitoring purposes [63].

In addition to the unequal distribution of research effort between the research areas, our
analysis also revealed tremendous geographical heterogeneity in the generation of scientific
knowledge. In this sense, as mentioned earlier, research capacity is stronger in the northern coast
with the highest number publications found in the northren coast. This disparity in research effort
between the northern, central and southern coast could have different roots of climatic, economic,
demographic, institutional and social character. After independence, the shift of population to
the coast has continued at a steady pace. According to [304], Moroccan Atlantic cities had 14.7
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million inhabitants (46.68% of the total population) in 2010 while it represented only 6 million
(39.21%) in 1971. Most of them living around the Rabat-Casablanca region [307]. Industrial
activity has also sought out the coastal location with more than 75% of units and 77% of new
investments (Mohammedia, Safi, Jorf Lasfar) [247]. In 2012, industrial areas concentrated 89% of
production, emitted 95% of exports and received 89% of investments [5]. Before 2015, Casablanca,
Mohammedia and Jorf Lasfar harbors concentrated over 90% of the investments [6]. Besides
growing pressure from industrial activities, by 2030, more than 3% of natural coastal areas will
be subject to anthropization and about 1.5% of agricultural land will be transformed for industry,
tourism or urbanization [5].

Furthermore, the Atlantic coast of Morocco receives most of the running water, particularly
from the large northern watersheds of the Sebou, Oum Rbia and Tensift, which are heavily
loaded with pollutants [479]. However, industrial and anthropogenic pollution, localization of
the most productive research institutes/academic agencies in coastal science and a great number
of persons using on the coast as a main source of income in the northern areas; placing more
emphasis on local knowledge production. In addition, the rapid industrialization of northern
region could have favored the establishment of new collaborations between local industry and
scientists, engendering private financial support for academic research activities. In contrast,
areas that are conspicuous for the research deficiency are situated in the southern coast, which
may indicate more efforts should target on increasing research production in this region.

2.6.2 Impediments to the scientific knowledge managment

Fundamental to improving the management relevance of scientific research on Moroccan
Atlantic coastal ecosystems is the need for coastal managers and decision-makers to draw on the
scientific advancements through the access to up-to-date scientific results [81]. Indeed, researches
as producers of scientific information are held to be responsible for making such information
available to managers and all stakeholders involved in the coastal research. Coastal decision-
makers would have a clear-sightedness of the resources they should manage and managers
would fully utilize available scientific to repair ecological damage and adopt ideas related to
coastal restoration practices in an integrated management of improvement informed by sound
monitoring. Nonetheless, a number of impediments prohibit the efficient management and
exchange of scientific knowledge.

The first mainly associated with the limited accessibility to scientific information. Indeed, the
present synthetic research may not have exhausted the scientific literature in its entirety, only
those freely available online are collected. As a great number of cited references or found online
do not meet accessibility criteria may undermine the real representation of the current status of
scientific knowledge in Moroccan Atlantic coast. This is also the case in other countries, whereby
governance framework are not clearly organized making the access to scientific information much
more limited, thus showing that over half of the scientific information was not freely accessible to
users, due to non-open access journals. Even when scientific information was freely accessible to
decision-makers, a previous study has reported that only about one-fifth (19%) of research papers
revealed clear propositions for management actions [128].
Other impediments can be associated to:

(a) An inadequate scientific information collection;

(b) Inadequate mobilization and exploitation of the scientific information collected in national
planning of coastal monitoring;
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(c) Lack of institutional capacity and infrastructure to adopt the necessary requirements for
coastal knowledge management;

(d) Poor program planning and lack of organised national data bases;

(e) Timing mismatch between need for research and implementation of a management plan [127].

Following data collection and processing, scientific article request an average of three years to be
published [127]. Scientific outcomes may thus be less useful to coastal decision-makers. These
disparities in access to scientific knowledge prevent an effective collaboration between scientific
researchers and coastal managers, especially where the transfer to scientists and institutions
lack the necessary skills [148]. Nevertheless, without improving the necessary capacity for
management of scientific knowledge, governments will continue to be short of the information
they require for the sustained effective management of Moroccan Atlantic coast.

2.6.3 Future recommendations for improving Knowledge management and its
implication in coastal management planning

Knowledge management (KM) is key to scientific progress. It can be described as a cross-
disciplinary activity that allows organizations to involve effectively the major processes of creating,
storing, diffusing and using knowledge in order to accomplish their objectives more faster and
efficiently [303].

Implementation of KM within the concept of sustainable development of coastal areas is
required to achieve the objectives of the Integrated Coastal Zone Management (ICZM), that
covers different aspects entailed in coastal evolution from information collection, exploitation and
coastal planning to decision making and monitoring coastal development [263]. It has consider-
able implications for effective coastal research planning, admitting that serious disorganization
and structural impediments to research disturbed the successful implementation of coastal
adaptive governance, causing therefore coastal management feebleness.

Despite scientific efforts in understanding of Moroccan coastal ecosystems, the government
still lacks an efficient research strategy to ensure that scientific knowledge feeds directly into the
managers and policy makers. This section proposes some tasks to be undertaken to improve the
use of scientific knowledge in management planning of Moroccan Atlantic coast.

First, the government could implement a national environmental database or clearing-house
mechanism to maintain scientific knowledge visibile and accessible to all stakeholders [95, 377].
The system disseminates data needs to be carefully maintained, updated, organized according
to formal data use agreement and managed by trained database curators before sharing. Such
system is supposed to ensure that managers can have access to the local information to support ef-
fective coastal management. It could have tools to foster online interaction between scientists and
users, allowing them to constitute virtual communities, exchange and communicate knowledge on
the trends and status of coastal ecosystems. Particularly useful system includes increased funding
opportunities for cross-sector collaborations [52, 114]. There may be organized forums for such
interactions including scientific conferences, workshops, seminars, meetings and periodic training
to foster partnerships between actors at different levels [426]. Other conventional mechanisms
of dissemination as regular technical reports and policy briefs are valuable in communicating
research findings, enhancing the visibility of coastal knowledge. Modern technologies, particularly
digital networks can be nevertheless useful for ensuring the knowledge is provided on time [426].

On the other hand, focusing on co-production of knowledge whereby coastal policy-makers
and managers contribute in scientific research should take place for sustainable research and
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policy [452]. Confirmed by other studies, permanent embedding scientists in managerial ac-
tivities will bridge the divide between scientists and managers by understanding of scientific
materials needs of managers [114, 215, 497]. The involved parties should thus be strictly engaged
in environmental decision-making organizations; idea should be exchanged, understood and
discussed before being executed. National Oceanic and Atmospheric Administration (NOAA) in
the United States and Western Australian Department of Parks and Wildlife in Australia can
be take it as successful models of organizational marine decision-making structure embedding
researchers within their organizations. In addition, progress towards the sustainable manage-
ment of Moroccan coastal area is widely attributed to institutional advancement. This should
include institutional innovation by academic institutions, funding agencies, research funders and
publishers to support scientist component for engagement activities, with both time allotments
and dedicated funding [128]. This will simulate coastal scientists with benefits extending to
increase coastal research productivity and improve exchange of information. At the worldwide
scale, Shanley and López, 2009 have investigated 268 scientists across 29 countries and noted
that 93% of contributors agreed that funding bodies are effectively improve the dissemination of
research findings.

Research funders should insist through contractual engagement to make all research findings
freely open access to the users of scientific knowledge, and provide supplemented funding to cover
these activities charges. This method has been successfully adopted by funding agencies globally
such as Australian Research Council (ARC), requiring that any ARC funding publications should
be available as free electronic copies accessible repository within a 12 month [127].

Beside, the Driver–Pressure–State–Impact–Response (DPSIR) framework can be adopted
to inform coastal science. This approach has the capacity to bridge the gap between scientific
discipline and involved science in coastal management. Indeed, DPSIR can serve as a template
for organizing advanced research and providing viable options for managing and maintaining
coastal systems [256]. Increase the North – South scientific community communication through
elaboration of strong social network between different stakeholders, including all producers and
users of coastal knowledge. The network should also include “Grey Literature” being considered
as one of the most important sources of knowledge about environmental and natural resource
management [116, 170, 439]. Accordingly, scientists would use such technologies to share knowl-
edge with the large scientific community; coastal decision makers would have access to the most
recent and scientifically credible research available and managers would have possibility to
access raw coastal data.
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CHAPTER 3. WATER QUALITY MODELLING: REVIEW AND SCIENCE MAPPING, 1981–2021

3.1 Résumé du chapitre

Les résultats de ce chapitre ont fait l’objet d’un article soumis pour publication au journal “
Environmental Nanotechnology, Monitoring and Management”.

Dans ce chapitre :

Nous explorons l’émergence de la littérature de recherche sur les applications de mod-
élisation de la qualité de l’eau dans l’espace atlantique en utilisant une approche de
cartographie scientifique. Cette revue a cherché à documenter la tendance générale de

la recherche, les journaux, les auteurs et les institutions influents, les foyers thématiques, à
identifier l’approche et le modèle le plus fréquemment utilisé, les types de masses d’eau et les
zones dans lesquelles les modèles sont principalement appliqués. En utilisant l’outil de recherche
Scopus, nous avons identifié 1952 publications potentiellement pertinentes (2548 applications
individuelles de modélisation) publiées entre 1981 et 2021. Nous utilisons Microsoft Excel,
VOSviewer et ArcGIS pour analyser notre base de données. L’analyse des données comprend des
statistiques descriptives, des analyses de citation, de co-citation, de co-auteurs et de co-occurrence.
Les résultats ont mis en évidence une tendance à la hausse du nombre de publications au cours
des deux dernières décennies. En bref, nous avons récupéré 89,33% articles, 8.06% articles de
conférence, 1,63% rapports scientifiques et 0.98% documents classés comme autres. Science of the
Total Environment, Ecological Modelling et Journal of the American Water Resources Association
sont les revues les plus influentes. “Ramiro J. J. Neves” (Instituto Superior Técnico, Portugal),
“Jeffrey G. Arnold” (USDA Agricultural Research Service, États-Unis) et “Raghavan Srinivasan”
(Blackland Research and Extension Center, États-Unis) sont les auteurs les plus productifs.
Plymouth Marine Laboratory, plymouth; MARETEC, Instituto superior técnico, universidade
de lisboa; Virginia institute of marine science, college of william and mary, Gloucester Point
and USDA-ARS Hydrology sont les institutions de recherche les plus productives. En utilisant
l’analyse des co-mots, “la qualité de l’eau”, “États-Unis”, “bassins versants”, “rivières”, “modélisa-
tion hydrologique”, “pollution de l’eau”, “phosphore”, “modèles numériques” sont les points chauds
de la recherche. En outre, le SWAT (cadre de modélisation semi-empirique) a été largement
appliqué au cours des deux dernières décennies et reste le modèle le plus utilisé aujourd’hui, suivi
de MOHID Water, CE-QUAL et HSPF. La plupart des applications de modélisation ont porté sur
le système des bassins versants (72.15%). Le nord-ouest et le nord-est de l’Atlantique ont reçu
la plus grande attention, principalement les États-Unis d’Amérique 41.64%), Canada (13.81%).
Cette analyse donne une image globale de l’état actuel des connaissances sur les applications
de modélisation de la qualité de l’eau dans l’espace atlantique. Elle peut aider les chercheurs à
comprendre l’évolution de la littérature et les inciter à améliorer encore ce domaine de recherche.
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3.2 Abstract

To improuve our understanding of the application of water quality models, we use science
mapping approach to explore the emergence of research literature on water quality mod-
elling applications within the Atlantic area published from 1981 to 2021. The study sought

to document the general research trend, the influential journals, authors, and institutions, topical
foci, identify the most frequently applied model, the water body types and the areas within which
models are mainly applied. We identified 1952 potentially relevant publications (2548 individual
modelling applications). We use Microsoft Excel, VOSviewer and ArcGIS to analyze the database.
Our findings highlighted an upward trend in number of publications during the past two decades.
More broadly, SWAT (semi-empirical modeling frame-works) was by far the most often used
model (22.4%), followed by MOHID Water (9.1%), CE-QUAL (8%) and HSPF (6.4%). Most of
modelling applications have addressed watershed system (72.15%). Northwest and Northeast
Atlantic have received the greatest attention, mostly the United States of America (41.64%).
Our analysis provides a holistic picture of the water quality modelling applications within the
Atlantic area. It can help scholars understand the evolution of littrature and inspire them to
further improve this research domain.

Key–Words : Water quality, modelling, science mapping, Atlantic, VOSviewer.
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3.3 Introduction

A water quality model can be described as a simplified mathematical description of contam-
inant fate and movement within an aquatic system that can be coupled with a mathematical
description of contaminant transport from their land-based sources to receiving water bodies
[4, 104]. The water quality models are essential in describing processes affecting fate and move-
ment of contaminants [103]. They help government agencies, local authorities and environmental
managers to predict the behaviour of the system in response to specified inputs under different
conditions and management actions [102, 413]. This makes water quality models a critically
important tools to assist in the pollution prevention, control and remediation of water body
[102, 118].

Since [359] proposed one of the earliest solution of the first-order differential equation to
model dissolved oxygen rise by reaeration and decreased by the decomposition of organic matters.
Several water quality models classified as conceptual, empirical, stochastic, deterministic, or
process-oriented have since advanced to simulate water quality processes [103, 470]. Hence, the
number of model processus and parameters significantly expanded, thereby increasing the model
complexities. Multiple factors contributed to this expansion including the increased computing
powers, advancements in situ sensors, remote monitoring of water quality, advance in remote
sensing algorithms [103, 104].

Although the water quality modeling was broadly reviewed [117–119, 225, 300, 405]. There is
a need for a clear picture of the current state-of-knowledge of water quality modelling application
within the Atlantic area. One of the challenges to enhance water quality models applications is
the establishment of baseline information on the way how models are applied.

More specifically, this review is aimed at uncovering the current status and research trend
in water quality model applications within the Atlantic area from 1981 to 2021. A quantitative
analysis “science mapping [516]” of a large corpus of published literature on water quality model
is employed. To our knowledge, there is no such review have published.
The review are structured around the following research questions:

1. What is the trend of the literature on water quality models published in the Atlantic area
between 1981 and 2021?

2. Who are the most influential journals, authors, and institutions?

3. What topical foci have gotten the most attention?

4. What models are most frequently applied?

5. What are the water body types and areas where models are mainly addressed?

Using scopus search tool, we identified a database of 1952 publications (2548 modelling appli-
cations) published between 1981 and 2021. The database were analyzed using Excel, VOSviewer,
and ArcGis. Data analysis enclosed descriptive statistics, citation, co-citation, co-authorship
and co-occurrence analysis. First, our review sought to document the general research trend of
research literature on water quality modelling applications within the Atlantic area published
from 1981 to 2021. Second, the review uses science mapping as a means of establishing a quanti-
tative analysis of the database. Finally, the review provide insight into models most frequently
used, the water body types most frequently addressed and the areas within which models are
mainly applied. The relevant conclusions are crucial for researchers to provides insights into the
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state-of-knowledge in water quality model applications, identify the most used model, the regions
of interest, and investigate potential future research directions.

3.4 Methodology

3.4.1 Data Collection

The Scopus search engine was chosen as the data repository from which to extract published
literature on water quality models. Literature review has revealed that Scopus’s superior coverage
of the world’s research output compared to other databases makes it a better option for research
reviews [193, 262, 316, 500].

Our search criteria included a broad scope in terms of document types (journal articles, books,
book chapters, conference articles and other academic documents), in the belief that dependence
on a large database would induce a more reliable outcome. Published literature between 1981
and May 2021 was selected, this is a sufficiently extensive period to provide useful insight into
the general research trends. The following search criteria was selected to determine publications
potentially relevant for our investigation: keywords water quality and model or name of the model
in the publication title, abstract, author keywords and keywords plus. Referring to [22, 117–
119, 174, 225, 300, 337, 405], the most frequently used water quality models were chosen (Box
1). All publications matching the selected criteria were extracted and downloaded for further
analysis. After scanning abstract of all publications, only the models applied in Atlantic region
were kept. Afterwards, a manual check was conducted to add the missing contents, remove
duplicate and exclude inadequate publications.

3.4.2 Data Extraction

The bibliographic “data” depicting features of the 1952 Scopus-indexed documents were
downloaded and stored in a .csv (comma-separated values) file. These “meta-data” included all
information listed in Table 3.1. In the case of publications presenting several model applications
or various modelled area, authors generated several individual ‘meta-data’ in our database. A
total of 1952 publications were screened to identify 2548 individual modelling applications. A copy
of the .csv file including the same database was also saved in EXCEL spreadsheets version 10.0 for
further data analysis. It’s worth noting that our database considers publications reporting water
quality modelling applications with well-defined boundary conditions. Publications presented
technical descriptions of models without practical applications are excluded from our database.

3.4.3 Data Analysis

Comprehensive assessments relied on bibliometric analysis and study summaries were
conducted using different software programs. Bibliometric analysis involves descriptive statistics,
citation, co-citation, co-authorship, and co-occurrence analysis to enlighten key characteristics
of knowledge domains [457]. Descriptive statistics analyses of the publication growth in terms
of number of publication by year, country, and journal were performed using Microsoft Excel.
ArcGIS (version 10.5) was used to generate a visual map showing the geographical distribution
of the modelling applications.

The impact factor (IF) is the most common index for quantifying the importance of citation
frequencies and evaluating the performance of scientific journals [435]. It is computed by dividing
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Box 1 keyword search and acronymlist of the water quality models searched for titles, abstract,
and the keywords of the Scopus database.

Scopus search
“ water quality ” AND “model” OR:
AQUATOX, SWAT, WASP, MIKE, QUALs, HSPF, CE-QUAL, CAEDYM, EFDC, SPARROW,
MOHID Water, TOMCAT, Delft-3D, ERSEM, COHERENS, DYRESM, ECOHAM, ECOLAB,
NORWECOM, TELEMAC, INCA, MINLAKE, EUTRO

Table 3.1: List of “meta-data” collected for each relevant publication.

Group Entry Types of data
Bibliometric data Year of publication Open (numeric)

Author (s) name Open (alphanumeric)
Author affiliation (s) Open (alphanumeric)
Document type Multiple choice
Title Open (alphanumeric)
Language of document Multiple choice
Journal name Open (alphanumeric)
DOI Open (alphanumeric)
Abstracts Open (alphanumeric)
Author keywords Open (alphanumeric)
Keywords Plus Open (alphanumeric)
Various citation data Open (alphanumeric)

Modelling exercise Model name Open (alphanumeric)
Study area Continent Multiple choice

Country Open (text)
Type of Water body Multiple choice
Name of the study area Open (alphanumeric)

the citation number of the current year by the published articles in the first two years of
a journal [378]. This review employed IF from the Journal Citation Reports in 2021 (JCR
(clarivate.com/products/web-of-science).

Citation analysis (including authors’ influence, affiliation statistics and key words analysis)
has been largely used to identify key authors, documents, and journals shaping the evolution of
knowledge domains [193, 450]. It is alculated by calculating the number of times that the article
was cited by other articles [258]. In this review, citation analysis was exploited to identify the
extent to which each units of our database had been cited by other publications in the Scopus
index “Scopus citations” [193].

Co-citation analysis is defined as the frequency with which two or more earlier units (e.g.,
authors, journals, keywords) are cited simultaneously by the later elements [414]. Many studies
have presented a detailed description of author co-citation analysis (e.g., [302, 478]) and proved
its validity as a reliable tool for examining the intellectual structure of a scientific discipline
[371]. Co-authorship defines the number of publications that are co-authored by multiple authors,
institutions or countries. It can be used to explore the authors’ position in scientific communities
[46]. Co-occurrence or co-word analysis identifies the frequencies of words in titles, abstracts, or
in text. Color clustering is based on paradigm of keyword co-occurrence among different keywords
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3.5. RESULTS

[450]. The size of the node reflects the number of occurrences of the keyword; the larger the
node, the more times it occurred in the database [253]. The thickness of the lines between nodes
reflect the link strength between keywords; the thicker the line, more links occurred between the
keywords [353].

3.5 Results

3.5.1 Publication trends

As previously mentioned, we found that a total of 1952 documents (2548 individual modelling
applications) applying water quality models at local, regional, national or larger scales of Atlantic
region had published over the past four decades (1981–2021), with an average annual publication
output of 9.55. It’s worth noting that our database, as large as it is, was confined to publications
indexed in Scopus. Hence, it does not even represent the entirety of the published literature on
the subject. Wherefore, one might infer that the use of water quality models has amassed a quite
substantial body of information. This began with the publication of one documents during the
1981s (Fig. 3.1) coinciding with the widespread adoption of microcomputers in the mid 1980s [20],
rose to 82 documents during the 2010s, and emerged rapidly throughout the ensuing decades to
reach 134 documents published during the 2019s. The last evaluated year (2021) recorded 83
documents considering the months of January to May 2021.

Notably, the article type ranked first with 89.33% of the total publiations, followed by confer-
ence paper (8.06%) and scientific report (1.63%) (Fig. 3.1). Most of the documents were published
in English (94.58%) (Not presented).

Figure 3.1: Number of publications per document type through time (left) and overall distribution
(right), 1981–2021.

3.5.2 Influential Journals, Authors, and Research Institutions

The 1750 retrieved articles are published in 725 journals. The top 10 most productive
journals on water quality modelling studies from 1981 to 2021, accounting for 25.65% of the total
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publications, are shown in Table 3.2. The obtained journals vary largely in terms of the number
of publications, this may be due to various launch dates and the variations in number of articles
per year. The core journals are multidisciplinary, referring mainly to ecology, environmental
engineering, oceanography, water science and technology, ecological modeling, and pollution,
etc. Obviously, Science of the Total Environment and Ecological Modelling have published the
most articles (7.37%). Science of the Total Environment and Journal of Hydrology are the most
influential in terms of impact factor (7.963 and 5.722, respectively). When sorted by total citations,
Journal of the American Water Resources Association (2414 citations) and Ecological Modelling
(2219 citations) evidenced the largest cited amount.

Another strength of bibliometric methods is the capacity to identifiy influential authors
and research institutions [172, 329, 457]. First, “author-citation analysis” was performed.
This approach consists of ranking authors by the number of publications and by citations to
obtain insights in their research productivity [427]. Hence, authors with highly-cited publications
usually dominate the conceptual tendencies [492].

In this section, authors’ contribution were investigated using the “author(s)” unit from the
extracted database. The top 20 productive authors by the number of publications and citation
impact are listed in Table 3.3. Noted, only citations of the authors authored more than 10
publications are considered. When sorted by the number of publications by each author “Ramiro
J. J. Neves” from MARETEC, Instituto Superior Técnico, Portugal (63 publications), “Dias, João
Miguel”from Universidade de Aveiro, Portugal (24 publications), “Jeffrey G. Arnold” from USDA
Agricultural Research Service, United States (24 publications), and “Raghavan Srinivasan” from
Texas AM, Agriculture and Life Sciences, Spatial Science Laboratory (21 publications) generated
the most publications. Referring to the number of citations, “Ramiro J. J. Neves”, “Raghavan
Srinivasan” and “Jeffrey G. Arnold” have the highest number of citations (1368, 1177 and 1160
citations, respectively).

The only surprising thing was that we had anticipated finding authors as “Daniel J. Jacob”,
“Jimmy R. Williams” among top 10 most productive authors. Their absence may be attributed to
our database that was restricted to publications from Scopus-indexed list. For instance, Scopus
offers less complete coverage of books, book chapters, and conference papers which may were the
preferred way of scientific production by those authors.

To overcome this limitation of citation analysis, co-citation analysis can be performed [193].
With this aim, we used VOSviewer [457] to identify an “author co-citation analysis” based
on the frequency of authors appearing in the references of our database. We set the minimum
number of author co-citations to 10. The top 20 co-cited authors are listed in Table 3.4. “Jeffrey
G. Arnold” seems to be the most influential author with a total of 147 co-citations. “Raghavan
Srinivasan” ranked second with 94 co-citations. Furthermore, we noted appearance of several
influential authors who had not emerged in the list of the top 20 cited authors (Table 3.3). It’s the
case of “Einar Svendsen”, “Jimmy R. Williams” who had ranked third (58 co-citations) and quarter
(54 co-citations), respectively. Total Link Strength reflects the strength of the co-authorship links
between two scholars; the higher the link strength, the greater collaborative efforts between
scholars. Thus, “Jimmy R. Williams”, Raghavan Srinivasan” and “Einar Svendsen” had the higher
Total Link Strength (5257, 3663 and 2297, respectively).

The next analysis consisted on identifying the most productive institutions (Table 3.5).
Leading was the Plymouth Marine Laboratory, plymouth with 11 publications (215 citations).
MARETEC, Instituto superior técnico, universidade de lisboa ranked second (10 publications, 97
citations) followed by Virginia institute of marine science, college of william and mary, Gloucester
Point (6 publications, 123 citations) and USDA-ARS Hydrology and Remote Sensing Laboratory,
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Beltsville (6 publications, 61 citations). As expected, United States institution have absolute
advantage in the total number of publications. Considering Total link strength, collaboration
across organizations indicate a weak cooperation amongst organizations.
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3.5.3 Topical Foci in water quality modelling studies

In order to identify the topical foci in research of water quality models, keywords co-occurrence
analysis, (or co-word analysis) was conducted. Co-word analysis are assumed to be the most
revealing indicators of the publication’s content [428]. It allows researchers to visualize the
emergence of these problematic networks [82].

Such as analysis allows for identification of research focus and emerging trends for future
research [181]. Thus, publications with frequently co-occurring keywords denotes that the con-
cepts behind those keywords are closely linked [516]. Table 3.6 shows the 20 most frequently
used keywords, where the keywords “Water quality” (889, 17331), “United states” (422, 8642)
and “Watersheds” (362, 7794) presented the most commonly co-occurring keywords and the
highest total link strength. This is then followed by keywords “Rivers” (294, 6909), “Hydrological
modeling” (244, 4928), and “Water pollution” (198, 4918).

Figure 3.2 shows the network visualization map of keyword co-occurrences (“All Keywords”
appearing in the title, author-keywords, and index), with a threshold of at least 20 occurrences.
Of the 12,589 keywords, 337 met the threshold. The hotspot keywords belonged to four distinct
clusters. As expected, the central core of the co-word map is occupied by the highest co-occurrence
and densely linked keyword “Water quality”. The red cluster surfaces themes related to the
watershed management using hydrological and water quality models. The applications consisted
mainly of using SWAT model to investigate agricultural watershed of the United States. The
themes in the green cluster adressed the application of water quality modeling approach for
examining the eutrophication responses to climate change in estuarine and lake ecosystems. The
applications consisted mainly of using CE-QUAL-W2 for exploring water quality mainly in Brazil
and Europe. In contast, the themes in the blue cluster revolves around environmental monitoring
and assessment of water pollution using water quality modeling approach. The yellow cluster
has a less dominant set of themes associated principally with simulation of nutrients using water
quality models.
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CHAPTER 3. WATER QUALITY MODELLING: REVIEW AND SCIENCE MAPPING, 1981–2021

Table 3.5: Rank order of the 10 most productive institutions, 1981 to 2021.

Rank Organization Country Documents Citations Total link
strength

1 Plymouth Marine Laboratory, plymouth United 11 215 7
Kingdom

2 MARETEC, Instituto superior técnico, Portugal 10 97 1
3 Virginia institute of marine science, col-

lege of william and mary, Gloucester
Point

United
States

6 123 0

4 USDA-ARS Hydrology and Remote Sens-
ing Laboratory, Beltsville

United
States

6 61 0

5 Athabasca river basin research institute
(ARBRI), Athabasca university, Alberta

Canada 5 64 1

6 School of engineering, University of
Guelph, guelph

Canada 5 63 9

7 INPT, UPS, laboratoire ecologie fonc-
tionelle et environmenet, Toulouse

France 4 31 0

8 USDA Forest Service, Center for Forested
Wetlands

United
States

4 252 5

9 ASCE, American Society of Civil Engi-
neers

United
States

3 49 2

10 Department of Marine Sciences, Univer-
sity of Georgia, Athens

United
States

3 37 3

3.5.4 Water quality models and their application

In their various forms and applications, SWAT was by far the most often used model, accounting
for approximately 22.41% (571 applications), followed by MOHID Water (9.1%, 231), CE-QUAL
(8%, 204), HSPF (6.44%, 164), MIKE (6.28%, 160), Delft-3D (5.26%, 134), ERSEM (4.51%, 115),
and QUALs (4.16%, 106) (Fig. 3.3). Among QUALs, QUAL2E was the most used model (24.53%,
26), followed by QUAL2 (20.75%, 22), QUAL2KW (18.87%, 20). Nevertheless, CE-QUAL-W2,
contributed the most with 115 (56.37%) of CE-QUAL applications (Not presented). Splitting the
database into 10-year time windows (Fig. 3.3, 3.4) shows a positive trend in modelling applications
over time.

In the first time windows (1981–1990), the applications were mostly implemented using Delft-
3D (22%, 6) (Fig. 3.3); studies were mainly addressed estuarine (20.34%, 10) and lake (16.95%,
12) systems (Fig. 3.4). In the second time windows (1991–2000), the applications were mostly
implemented using MINLAKE (13.47%, 18), CE-QUAL (12.21%, 16) and TOMCAT (12.21%,
16). More than 23.67% of the recorded data fall into lake system. In the last two time windows
(2001-2010 and 2011-2021), modelling applications using SWAT model become dominant (15.51%,
114 and 26.66%, 441, respectively); most of them addressed watershed (23.7%, 168 and 24.5%,
398, respectively) and rivers (16.9%, 120 and 18.21%, 296, respectively) systems.
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3.5. RESULTS

Table 3.6: Rank order of the 20 most used keywords, 1981 to 2021.

Rank Keyword Occurreneces Total link strength
1 Water quality 889 17331
2 United states 422 8642
3 Watersheds 362 7794
4 Rivers 294 6909
5 Hydrological modeling 244 4928
6 Water pollution 198 4918
7 Phosphorus 190 4511
8 Numerical model 262 4710
9 Hydrodynamics 263 4358
10 Nutrients 176 4317
11 Canada 206 4375
12 Calibration 189 4258
13 Water managment 191 4106
14 Computer simulation 210 4109
15 Nitrogen 167 3909
16 Climate change 197 3772
17 Soil and water assessment tool 166 2521
18 Atlantic ocean 269 3760
19 Runoff 154 3588
20 Environmental monitoring 121 3621

Figure 3.2: Clustering network on high frequency keywords, 1981 to 2021.

41
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Figure 3.3: Number of publications per water quality models through 4-year time windows (left)
and overall distribution (right), 1981–2021.

Figure 3.4: Number of publications per type of water body through 4-year time windows (left)
and overall distribution (right), 1981–2021.
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3.5. RESULTS

3.5.5 Geography of the modelling applications

Reference to the map in Figure 3.5 shows spread of the 2548 individual modelling record
across different Atlantic countries. Two regions of high model applications could be observed in
areas covering the Northwest and Northeast Atlantic. Whereas, few model applications can be
observed in areas around the Southeast Atlantic. Statistically, United States of America (41.64%,
1061), Canada (13.81%, 332), and Portugal (7.57%, 183) had the greatest number of modelling
applications. More than half of the SWAT (53.6%, 306) and CE-QUAL (60.3%, 123) applications
have implemented in the United States of America; most of them addressed Maryland ecosystems
(19.6%, 60 and 35.78%, 44, respectively). Over half of the MOHID applications have performed
in Portugal (51.94%, 120). Nevertheless, the highest number of the HSPF applications have
observed in United States of America (86.6%, 142), mostly in Virginia (36.62%, 52).
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3.6. DISCUSSION

3.6 Discussion

The current review used science mapping approach as a means of exploring the emergence
of literature on water quality modelling applications over the past four decades. The database
contains 1952 documents (2548 individual modelling records) applying water quality models
within the Atlantic area. Our database only considers studies exploring well-defined practical
applications. Publications reporting technical descriptions or enhancements of models were not
included.

Our interest mainly address the structure of existing research by analyzing the statistical
characteristics of the literature (publications, journals, authors, and institutions) and the research
hotspots. We described later the general aspects of the modelling applications. The present review
are anticipated to benefit researchers who are implicated in the current research progress in
water quality modelling applications within the Atlantic countries.

We believe that our database constitutes a practical source of structured literature information
providing a new insight for further research direction. In the following, we highlight limitations
of the review and provide interpretation of the main findings.

3.6.1 Limitations

Despite the insights provided from the review, the present work has some shortcomings. Key
limitations merges from the review’s delimitation to Scopus documentation. While Elsevier’s
Scopus bibliographic database offers widest scope of publications than the Thomson Reuters’
Web of Science (WoF) [316], it provides less coverage of books, book chapters, theses, proceeding
papers, and conference papers than journal articles. The use of co-citation analysis mitigated this
shortcomings by capturing publications outside of our review database [450]. Therefore, future
studies should incorporate more databases (e.g., Web of Science and Google Scholar) to gather
vast amount of the existing literature.

3.6.2 Interpretation of the findings

3.6.2.1 Research trends and hotspots

The publication pattern on water quality modeling revealed a sharp rise of publications
during the last 10-years. Several factors contributing to this growth including the great progress
in computer technology, advancements of remote sensing algorithms, fast advance in remote
monitoring of water quality, and progress in pre- and post-processing capabilities [103, 162].
Another possible contributing factors could be advances in understanding of processes influencing
water quality, and advances in land modeling [103].

Science of the Total Environment, Ecological Modelling, Journal of the American Water Re-
sources Association and Journal of Hydrology are the most influential journals. Considering the
leading scholars, “Ramiro J. J. Neves” (Instituto Superior Técnico, Portugal), “Jeffrey G. Arnold”
(USDA Agricultural Research Service, United States), and “Raghavan Srinivasan” (Blackland
Research and Extension Center, United States) are the most productive authors. American
authors have produced a substantial body of literature and have published the greatest number
of English-language articles referring to water quality modelling. Plymouth Marine Laboratory,
plymouth, MARETEC, Instituto superior técnico, universidade de lisboa, Virginia institute of
marine science, college of william and mary, Gloucester Point and USDA-ARS Hydrology and
Remote Sensing Laboratory, Beltsville are the most productive institutions but with limited
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collaboration across organizations.
Most of leading institutions are located in economically developed countries as also indicated

by [492]. This reflected the advance in research experiences, scientific resources and data avail-
ability. From co-word analysis, research hotspots have been revealed, including “Water quality”,
“United states”, “Watersheds”, “Rivers”, “Hydrological modeling”, “Water pollution”, “Phosphorus”,
and “Numerical model”. These terms point out the combination between water quality issues and
innovative technology advancements.

3.6.2.2 Evaluation of reviewed models

Among the 23 selected water quality models, a list of the most recurrent models with their key
features including the acronyms, full model name, origin and model website, license agreement,
operating system, dimensions, and model type are summarized in Table 3.7. Bref descriptions of
the reviewed models with a consistent set of criteria: model system, conceptualization, model
strengths, applicability, and their limitations are listed in Table 3.8 and 3.9. Detailed framework
of some of these models (e.g., modelling equations, processes, and input data/parameters required)
were investigated in other literature reviews (e.g., [22, 117, 119, 174, 300, 337, 405].

As indicated previously, a greatest number of models have been implemented over the last two
decades. The applications have tended to range from simple water quality models with minimal
number of processes to more complex models capable to consider a large number of interconnected
variables. The application of simplified models has been frequently advocated when dealing with
complex systems [481]. These models consisted on fewer and simpler relationships, with reduced
complexity and calculation time, makes it ideally suited for larger-scale integrated modeling
[233].

Models as QUAL2E, QUAL2K, WASP, MIKE-11 are usually applied for waste water control
and water resources management but mainly remain restricted to small catchments due to
the lengthy calculation time. Grey box was by far the most often used modelling approach to
simulate water quality concentrations because of it capability to provide high accuracy with low
computational cost [233]. Parsimonious models are considered as the simplest approach that fit
the water quality modelling application has been argued that it’s a good middle ground between
the variety of detailed physical models and the simpler black box models [289]. For instance, the
appropriate modelling approach can be selected based mainly on the modelling goal and data
available for the proper model application. Models as EFDC, WASP and MOHID Water have 1D,
2D or even 3D hydrodynamic components. Whereas, models like CAEDYM, DYRESM, ERSEM,
ELCOM require biog ling with the hydrodynamic models to simulate the different components of
the aquatic systems [339].

Some models may simulate steady flow (e.g., AQUATOX, QUALs, SPARROW, CE-QUAL-W2,
HSPF, CAEDYM, MOHID Water, EFDC, MIKE-11). Other models, may simulate unsteady flow
(e.g., Delft3D-ECO), steady flow (e.g., ERSEM) or both steady and unsteady flow (e.g., WASP).
Most of them have windows based graphical interface except some models such as ERSEM,
which is written in the Fortran programming language and runs on Linux or Unix environment.
Concidering the process description, models like QUALs, WASP, AQUATOX are mechanistic
that can use physical, biological and hydrometeorological data to simulate contaminant fate
contemporaneously [440],while other models such as SWAT is semi-empirical. Moreover, models
like WASP, MIKE-11, QUALs, EFDC, CAEDYM, ERSEM are deterministic. Other models, such
as SIMCAT, TOMCAT are deterministic and stochastic depending upon the data type. Model
complexity and data requirements may also be a decision point among water quality models
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3.6. DISCUSSION

since some models such as AQUATOX, WASP and ERSEM have a high complex structure. Other
models like QUAl2KW, CEQUAL-W2, SWAT have intermediate level of complexity. In contrast,
SPARROW was found to be a simplistic versatile model, where the determinant of interest is
simulated as being either diminishing by a first-order decay (i.e. BOD and nitrate) or conservative
such as chloride. Looking to data requirements, models such as AQUATOX, CAEDYM, WASP
and QUAl2KW can be considered as the most data extensive models. Conversely, models like
AQUATOX, WASP, QUAl2KW, CAEDYM and EFDC are able to simulate maximum number of
water quality parameters.

The amount and quality of the processes involved in water quality assessment of aquatic
systems may also be a constraint to select the relevant model. Models like WASP, MIKE-11,
CAEDYM, EFDC, SPARROW have the ability of simulating heavy metals. WASP are SPARROW
have been used more frequently to model toxicant dynamics, they have an advantage of simulating
synthetic organics, conservative tracer and pesticides as well.

Other features such as open-source code, input data, modelling goal, type of water body
modeled, model outputs, capabilities, model strengths and limitations among other factors, may
also affect the model selection and have been summarized in Table 3.8 and 3.9.
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CHAPTER 3. WATER QUALITY MODELLING: REVIEW AND SCIENCE MAPPING, 1981–2021

3.6.2.3 Spatio-temporal trends in model applications

In their various forms and applications, SWAT was cleary the most applied water quality
model. It covers approximately 22.41% of the total applications. Simular results were provided
by [117]. Most of modelling applications have addressed watershed system. The popularity
of SWAT reflects its capability to performs further analyses of different water management
scenarios [494]. It is capable to simulates the effects of land management activities on water
and agricultural chemical yields in complex watersheds with various management conditions
over different timescales [213]. 19.6% of the SWAT applications were implemented to addresse
Maryland ecosystems, make it the most commonly used model in the United States of America
(53.6%). Overall, we underline a general tendency of the models to be applied within the three
distinct countries of the Northwest and Northeast Atlantic; United States of America (41.64%,
1061), Canada (13.81%, 332), and Portugal (7.57%, 183). Otherwise, Southeast Atlantic seem to
be poorly represented by water quality models. A possible explanation can be probably related to
more publishing in books, book chapters, and the technical reports, inadequacy of infrastructure,
lack of knowledge, fewer scientific resources and limited data availability [16, 384].

3.7 Conclusion

The present study reviews the literature in water quality modelling applications within
the Atlantic area from 1981 to 2021. 1952 publications (2548 individual modelling applications)
were retrieved. The document types consisted of 89.33% articles, 8.06% conference paper, 1.63%
scientific report and 0.98% classified as others. English was the most used language, accounting
for 94.58%. Number of publications has shown an upward trend in the past two decades. Among
the most productive journals, Science of the Total Environment and Ecological Modelling have
the largest number of publications.

Considering number of publications, citations and co-citations, “Ramiro J. J. Neves” (Instituto
Superior Técnico, Portugal), “Jeffrey G. Arnold” (USDA Agricultural Research Service, United
States), and “Raghavan Srinivasan” (Blackland Research and Extension Center, United States)
are the most productive authors. Plymouth Marine Laboratory, plymouth, MARETEC, Instituto
superior técnico, universidade de lisboa, Virginia institute of marine science, college of william
and mary, Gloucester Point and USDA-ARS Hydrology and Remote Sensing Laboratory, Beltsville
are the most productive research institutions. Using co-word analysis, “Water quality”, “United
states”, “Watersheds”, “Rivers”, “Hydrological modeling”, “Water pollution”, “Phosphorus”, and
“Numerical model” are the research hotspots.

Further, SWAT (semi-empirical modeling frame-works) has been extensively applied during
the last two decades and remains the most used model today, followed by MOHID Water, CE-
QUAL, and HSPF. 72.15% most of modelling applications have addressed watershed system. The
other systems received little attention.

The geographical distribution of modelling applications suffers from a significant imbalance
with greater numbers of applications in the Northwest and Northeast Atlantic areas. Overall,
United States of America, Canada, and Portugal stood out with the greatest number of studies.
Fewer studies was observed in Southeast Atlantic. The main contribution of our review is to offers
a holistic picture of the modelling applications within the Atlantic area. Briefly, the quantitative
and qualitative analysis findings can help scholars identify impactful, authors, institutions for
future collaborations and inspire them to further improve this research domain.
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CHAPTER 4. THREE-DIMENSIONAL HYDRODYNAMIC MODELLING OF THE MOROCCAN
ATLANTIC COAST: A CASE STUDY OF AGADIR BAY

4.1 Résumé du chapitre

Les résultats de ce chapitre ont fait l’objet d’un article soumis pour publication au “Journal of sea
research”.

Dans ce chapitre :

Le modèle de simulation est essentiel pour prévoir l’hydrodynamique et les processus
environnementaux associés aux eaux côtières. Cependant, peu de modèles de simulation
de ce type sont utilisés pour les masses d’eau de la côte atlantique marocaine. Comme

première étape vers notre objectif final de développer une approche de modélisation intégrée
pour une meilleure compréhension de la dynamique des eaux côtières atlantiques marocaines,
cette étude a mis en œuvre un modèle hydrodynamique 3D de la baie d’Agadir. Le modèle a
été calibré et validé par rapport aux conditions météorologiques, niveau de la surface de la
mer, constituants harmoniques de la marée, ainsi que la température et la salinité de l’eau,
en utilisant une combinaison de mesures in-situ disponibles, données satellitaires et flotteurs
ARGO. Malgré quelques divergences, les résultats ont révélé une bonne correspondance entre
les simulations et les observations, ce qui souligne la faisabilité du modèle pour prédire les
principales caractéristiques dynamiques de la baie d’Agadir. Le modèle hydrodynamique validé
a été inclus avec la masse injectée de traceurs en utilisant le modèle de transport lagrangien.
Dans l’ensemble, l’hydrodynamique de la zone est dominée par des marées semidiurnes (M2)
et régie par des vents d’ouest et de nord-ouest avec une température de l’air relativement
élevée (maximum de 30°C) et une humidité relative élevée (maximum de 95%). L’analyse des
structures verticales de la température et de la salinité de l’eau a révélé que la thermocline
et l’halocline étaient situées près de surface. L’eau de mer relativement plus chaude et plus
salée occupait les eaux de surface, tandis que les eaux profondes étaient relativement froides et
fraîches. L’interaction entre la topographie de la baie d’Agadir et la tension du vent local pourrait
induire une circulation double-gyre: une grande circulation cyclonique près du rivage et une
autre en pleine mer. Les conditions de la saison hivernale consistent en un niveau élevé de vitesse
des vents provenant principalement du S-SE, ce qui entraîne une augmentation des vitesses
horizontales, qui s’écoulent principalement vers le nord-ouest. En revanche, les vents locaux de
NW poussent les eaux de surface au large vers le sud pendant les conditions de la saison estivale.
Les simulations de Lagrangien model fournissent des informations sur le TR et les voies possibles
des traceurs passifs de surface. Des RT plus faibles (de 3 à 9 jours) ont été observés en été et plus
élevés (de 5 à 15 jours) en hiver. Les traceurs semblent être piégés à l’intérieur d’un tourbillon
cyclonique côtier, favorisant le transport vers le nord et l’augmentation des TR dans la baie sud,
ce qui en fait une région côtière susceptible d’être polluée. En outre, la validation des simulations
lagrangiennes et l’évaluation de différents scénarios de dispersion des traceurs passifs devraient
être réalisées dans le futur, afin de consolider les connaissances sur la dispersion des particules
polluées ainsi que leur zone d’accumulation dans la baie d’Agadir.
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4.2. ABSTRACT

4.2 Abstract

Coastal areas are a noteworthy source of commercial and economic fortunes for surrounding
municipalities throughout the Moroccan Atlantic coast. Thus, a deep knowledge of local
hydrodynamics and environmental processes associated is integral to effective coastal

management. 3D hydrodynamic model that includes a Lagrangian particle simulation can
participate to this understanding of dynamics. The model was calibrated and validated against
meteorological conditions, sea surface level, harmonic tidal constituents, water temperature and
salinity using a combination of available in-situ measurements, satellite, and ARGO floats data.
Subsequently, it was used to determine the pathway of passive tracers and estimate the local
residence time (RT). Despite some discrepancies, the findings revealed a good match between
simulations and observations, which underlines the feasibility of the model in predicting the main
dynamic features of the Agadir Bay. Overall, the hydrodynamics of the area is tidal dominated
by semidiurnal tides (M2) and governed by westerly and northwesterly winds. Passive tracer
simulations showed strong seasonal and spatial variability, conditioning the obtained RTs, with
mean values much shorter during summer (3 to 9 days) than winter (5 to 15 days). The tracers
look to be trapped inside a coastal cyclonic eddy that increases the RTs in the southern Bay,
making it an area with highest likelihood of accumulation of pollutants while favoring the
northward transport and decrease RTs in the northern Bay.

Key–Words : 3D hydrodynamic model, Lagrangian model, Moroccan Atlantic coast, Agadir
Bay, residence time.
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CHAPTER 4. THREE-DIMENSIONAL HYDRODYNAMIC MODELLING OF THE MOROCCAN
ATLANTIC COAST: A CASE STUDY OF AGADIR BAY

4.3 Introduction

As a part of the Canary Current System, natural dynamic of Moroccan Atlantic coastal
ecosystems has been greatly influenced by the large-scale coastal processes (e.g., upwellings,
downwellings, eddies, and coastal currents) (e.g., [21, 51, 212, 249, 273, 332, 352, 390, 391]).
Such forces pump massive quantities of kinetic energy to the system that contributes to diverse
circulation patterns. Moreover, heat energy exchange is a crucial factor when investigation the
hydrodynamic features of coastal areas. However, with increasing environmental pressures and
associated natural drivers (e.g., storm surges, hurricanes, sea-level rise) on the one hand and
anthropogenic activities (e.g., industrial and urban expansion, fisheries, aquaculture, maritime
traffic docking at the harbors, etc.) on the other hand, energy fluxes could be altered [12, 244].

Changes in these forces affect water stratification, water circulation and residence time (RT).
Furthermore, changes in coastal hydrodynamics influence dispersion of pollutants originated
from wastewater discharges and runoff, which is especially important in urban coastal areas [40].
Therefore, knowledge about hydrodynamics, RT and understanding the way pollutants dispersion
responds to coastal circulation is crucial to the management of these water bodies, as Agadir
Bay, being crucial to establish the local water quality and to enable local authorities to design
contingency, adaptation, and mitigation measures.

[11] carried out some experiments to quantify the concentration of pesticide in different
areas of the Bay, indicating the contamination increases from northern to southern Bay. A
full description of contamination paths, concentration and seasonality is yet to be performed.
Therefore, an estimate of the residence times of the coastal water under different circumstances
may be useful in investigating the impact of such contamination. In general, areas with high RT
would have excellent water quality [231, 277, 358].

Given the limited time-space coverage of in-situ measurements, the coastal waters of Agadir
Bay generally suffer from scarcity of data; the field data and experimental knowledge are
especially limited regarding local hydrodynamics variables, and therefore it is extremely limited
the knowledge about local hydrodynamic processes and features. Hydrodynamic models have
been widely used to simulate coastal circulation in response to forcing factors [40]. The impact
of these forcing, which are mainly tides, atmospheric pressure and wind stress forcing, rely on
system characteristics [1].

Recently, several hydrodynamic models have been implemented, validated and used in
research for better understanding of how systems respond to external forces. For example, Delft3D
(e.g., [258, 429, 495]), ROMS (e.g., [235, 355, 503]), TELEMAC (e.g., [209, 368, 393, 406]), ADCIRC
(e.g.,[222, 473]), FVCOM (e.g., [100, 197, 418]), MIKE3 (e.g., [468]), SHYFEM (e.g.,[53, 123]),
SELFE (e.g.,[188, 505]), HYDROTAM-3D [89] and MARS-3D (e.g., [72, 398].

To our knowledge no previous study has simulated the local scale hydrodynamic processes of
the Agadir Bay. To fulfil these knowledge gaps, a three-dimensional (3D) MOHID Water modelling
system has been implemented and explored in the present study. It is worth noting that MOHID
Water model has successfully been applied to investigate various dynamic aspects occurring
on the water columns [25, 135, 176, 305, 360, 366, 392, 442], being so, a useful tool for coastal
dynamic evaluation [138].

In the present study, a three-dimensional (3D) hydrodynamic model MOHID Water coupled
with a Lagrangian transport model were implemented, in order to improve our understanding
of hydrodynamic features of the Bay, to estimate the local residence time and to determine the
pathway of passive tracers.
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4.4. MATERIALS AND METHODS

4.4 Materials and methods

4.4.1 Study area

The Agadir coast is one of the most extensive coastal areas in Moroccan Atlantic coast (Fig. 4.1).
It is the central part of a 35 km long sandy shoreline bound in the north by Cape Arhdis and in the
southwest by Cape Aglou.The Agadir Bay (30°25’ N, 9°38’ W) represents the western limit of the
city of Agadir; extending over almost 6 km as the crow flies, oriented in a south-west/north-east
direction between the large Agadir harbor and the Oued Souss estuary. It is open to the Souss
Massa plain covering an area of about 23,950 km2 [27].

The geomorphological characteristics of the coast comprise a wider continental shelf, shallower
and with lower slopes than the one on the north of Cap Ghir. The specific orientation of the coast,
which is clearly deflected towards the west, is responsible for the constant regularity of the winds
blowing over these regions; a situation that generates important upwelling events nears the coast
[321]. According to the Hydraulic basin Agency of Agadir, the area is characterized by an arid to
semi-arid climate with the highest average rainfalls recorded between November 2016 (165.7
mm) and February 2017 (283 mm) [244].

Figure 4.1: Model domain showing the location of the stations used for the atmospheric and the
hydrodynamic model validation (red dots) a) MACOMS (Domain 1) with A1–A5 - ARGO floats
location; b) ACMS (Domain 2); c) Agadir Bay (Domain 3) with MS – Meteorological station; SSL –
Sea surface level; M1 – Wind near the coast; M2 – Wind at the open ocean; S – Surface water
temperature and salinity. Bathymetry is presented with contours for 50, 100, 500 and 1000 m.
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4.4.2 Model implementation and exploitation

4.4.2.1 Hydrodynamic model

The 3D-MOHID Water model resolves the Navier-Stokes equations using the Boussinesq and
hydrostatic approximations [138, 168].

The finite volume approach is used to discretize the MOHID equations enabling the execution
of several types of vertical coordinates at the same time.
The equations solved in the model are:

(4.1)
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+ρg = 0

u, v and z : the components of the velocity in the x , y and z directions respectively; f : the
Coriolis parameter; Av and Ah : the coefficient of turbulent viscosities in the horizontal and
vertical directions; ρ : the pressure; ρr: the reference density.

The temporal discretization is accomplished using a semi-implicit algorithm ADI (Alternating
Direction Implicit) [331]. This algorithm resolves issues related to the explicit methods, responsi-
ble for long-term model instability and simplifies the resolution of the sea surface level and the
horizontal velocities. The algorithm of [312] is also used to solve the water density non-linear
state equation that depends on pressure, salinity and water temperature. The spatial resolution
of the hydrodynamic model is achieved using a downscaling technique of nested domains [83, 251].
The vertical turbulence is computed by coupling MOHID with the General Ocean Turbulence
Model (GOTM), consisting of a generic library with different turbulence closure structure for
the parameterization of vertical turbulent fluxes in water column [75]. More information on the
software is available in http://mohid.com/. Three different nested domains are implemented
using a one-way downscaling approach: D1) Moroccan Atlantic Coast Operational Model System
(MACOMS) (Domain 1) – 2D barotropic model with an horizontal resolution of 0.04° (4 km) and
50 vertical layers (7 sigma + 43 Cartesian until the bottom), covering the Moroccan Atlantic
coast and providing information to the higher resolution nested domain, resulting in a grid of
238 × 359 cells with maximum depths around 5300 m; D2) Agadir Coast Model System (ACMS)
(Domain 2) – 3D baroclinic model with 0.02° (2 km) horizontal resolution, covering the area
ranging from 29°44’ to 30°51’N and from 10°40’ to 9°37’W, resulting in a grid of 56 × 56 cells
with maximum depths around 2133 m; D3) Agadir Bay (Domain 3) – 3D baroclinic model based
on an equally spaced Cartesian horizontal grid with a resolution of 500 m. The last domain
receives its open boundary conditions from the lower resolution ACMS domain and covers the
area comprised between 45.00° and 34.38° N and 12.60° and 5.10° W, resulting in a grid of
24 × 21 cells and maximum depths around 133 m (Table 4.1). The bathymetry was provided
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from Multinational Response and Preparedness to Oil and Chemical Spills project (MARPOCS;
http://www.maretec.org/en/projects/current/MARPOCS) and run with mode-splitting time
steps of 90 s, 20 s and 20 s for for D1, D2 and D3, respectively. Daily profiles of seawater tem-
perature and salinity were interpolated from the Copernicus Marine Environment Monitoring
Service (CMEMS; https://www.copernicus.eu/) and imposed at the open sea boundary. The
tidal oceanic forcing was determined from the harmonic components extracted from the FES2012
(Finite Element Solution) model at numerous locations along the boundary. At the atmospheric
boundary, the model was forced with results from a previous implementation of the Weather
Research and Forecasting (WRF) model (http://www.actionmodulers.pt), covering the entire
domain, with hourly results for a 3 km grid resolution [445].

Table 4.1: Model setup configuration for the Agadir Bay domain

Settings Domains
D1 - MACOMS D2 - ACMS D3 - Agadir Bay

Area Moroccan Atlantic coast Agadir coast Agadir Bay
Model characterization 2D – Barotropic 3D – Baroclinic 3D – Baroclinic
Grid corners Lon: -20.79 – -6.51 Lat:

25.04 – 34.55
Lon: -10.67 – -9.63 Lat:
29.74 – 30.86

Lon: -9.91 – -9.61 Lat:
30.23 – 30.55

Depth Min: 15 m Max: 5300 m Min: 15 m Max: 2133 m Min: 5 m Max: 133 m
Cells dimension 238 × 359 56 × 56 24 × 21
Vertical Grid 7 Sigma Layer 43 Carte-

sian layers
7 Sigma Layer 33 Carte-
sian layers

7 Sigma Layer 17 Carte-
sian layers

Horizontal Grid 4 km 2 km 500 m
Time steps 90 seconds 20 seconds 20 seconds
Tides FES2012 [88] From Domain 1 From Domain 2
OBC Water From MercatorOcéan 1 From Domain 1 From Domain 2
OBC Atmosphere WRF [445] WRF [445] WRF [445]
OBC Nutrients – WOA13 2 Domain 2
Discharges No No No
Turbulence – GOTM 3 [74] GOTM 4 [74]
Bottom stress Rugosity of 0.0025

m2s−1
Rugosity of 0.0025
m2s−1

Rugosity of 0.0025
m2s−1

1 https://www.copernicus.eu/. 2 https://odv.awi.de/data/ocean/. 3 General Ocean Turbulence Model. 4

General Ocean Turbulence Model.

4.4.2.2 MOHID Lagrangian model

The Lagrangian model was used to simulate RT in the Agadir Bay using the methodology
described in previous works [69, 231, 285, 395]. The model uses the concept of passive tracers [8],
where each tracer is considered a floating object identified by its volume, own origin, and spatial
coordinates (x, y, z), and each is attributed a time to achieve random movement. The position
of each tracer depends on the velocity in each grid cell as well as its location in the previous
time step. Tracer movement is determined integrating its velocity, resulting from the addition
of the Eulerian transient current velocity produced by the hydrodynamic model with a random
component of velocity, using a Runge-Kutta scheme, according to the approach followed by [272].
Thus, the Lagrangian model utilize the surface current fields produced by the 3D baroclinic
model to describe the distribution of tracers and the trajectory generated by the non-turbulent
velocity field, which results indirectly from the advective term introduced in the Navier-Stokes
equation. The dispersion of the tracers is regulated using monitoring boxes to estimate their RT
in each box. The boxes were filled with equal volumes of Lagrangian tracers. The RT is computed
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assuming the time taken by 80% of the tracers to leave each monitor box. This attribute is used
to ensure the expulsion of most particles from the boxes [284, 285].
The water fraction f i j inside the box i in each instant of time t with origin from box j is calculated
as:

(4.5) f i j =
Vi j(t)
Vi j(0)

Where,Vi j(t) is the tracer’s volume issued in box j, located inside box i at time t. Vi j(0) is the
volume of water inside box i at the inception of the simulation (t ¼ 0).
Surface currents simulated in the present study using the hydrodynamic model, with a time step
of 3600 s, are used to estimate tracers’ trajectories and RT, assuming that particles remain on
the surface. For the Lagrangian simulations, a time step of 600 s is used.

4.4.2.3 Model evaluation and data collection

To determine the model’s accuracy, a large set of observational data from various data
providers was used to validate the model and to verify its ability to predict the key dynamic
features of the study region. For the validation purpose, the model was simulated from 1/01/2017
to 30/12/2018; period corresponding to high atmospheric and hydraulic conditions in Agadir coast
(Hydraulic basin Agency of Agadir) and high data availability. Nevertheless, hourly and daily
air temperature, humidity, atmospheric pressure, wind velocity data were obtained from GMAD
station at Agadir-Al Massira International Airport (-9.42 N - 30.32 W) (approximately 26 km
South-East of the Agadir Bay) (https://www.ogimet.com/metars.phtml). Temporal evolution
of the wind velocity was also evaluated using the field data from the same meteorological station
(https://www.tutiempo.net/agadir.html). Data of sea surface level (SSL) was retrieved from
French Navy’s Hydrographic Department (Shom) (www.shom.fr), with an hourly time step in
Agadir harbor location (-9.61 N, 30.41 W). In-situ measurements from I. Lamine expedition [244]
were compared with time series of simulated surface seawater temperature (SST) and surface
seawater salinity (SSS). The monthly sampling of seawater was carried out at the S station located
south of the Taghazout Bay resort (30.52N, -9,69W), near the tourist-campground (Atlantica
Parc Imourane, 14 km from Agadir). One liter of seawater was collected at low tide at 9 or 10
a.m, at a depth of 50 cm in a sterilized and labelled bottle. Furthermore, spatial distribution of
SST was validated using remote sensing data from ODYSSEA satellite images (http://marine.
copernicus.eu/ [39]). These images are a multi-sensor merged high-resolution level 4 product
with 0.02° resolution, available every 24 hours. ARGO profiling floats data was downloaded
through the US component of the international Argo Program (www.argo.ucsd.edu) and used to
validate vertical profiles of water temperature and salinity of the regional model domain. The
model’s accuracy was also assessed comparing the major tidal constituents amplitude and phase
predicted by the model and obtained from Shom data. Tide Harmonic Analysis Toolbox [350],
based on the classic FORTRAN tidal analysis packages written by Mike Foreman (http://www.
dfo-mpo.gc.ca/science/datadonnees/tidal-marees/index-eng.html) was used to extract
the harmonic tidal components from SSL data. Afterwards, distribution maps of the main tidal
harmonic constituents (M2, K1, M4) determined from MOHID SSL predictions were plotted,
aiming to characterize the tidal propagation along the Bay. Moreover, the capability of the model
to reproduce the observed variables was evaluated using Pearson correlation coefficient (r), Root
Mean Square Error (RMSE), average error bias (BIAS), Model Skill Score (MSS). Eqs. (4.6), (4.7),
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(4.8) and (4.9) express r, RMSE, BIAS and MSS, respectively:

(4.6) R =
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(
Xmadel − Xabs

)(
Xabs − Xabs

)
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(
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)2
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N
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(4.9) MSS = 1−
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i=1 (Xmodel − Xobs )2∑N
i=1

(∣∣∣Xmodel − Xmodel

∣∣∣+ | Xobs − Xobs

)2

N: the number of records in the time series; Xobs and Xmodel : the observed and model outputs
variables and the overbar represent the mean of the variables.

4.5 Results

4.5.1 Meteorological model

Given the importance of atmospheric boundary conditions for the proper reproduction of the
coastal environment by the hydrodynamic model, daily time series of air temperature, relative
humidity, atmospheric pressure and wind intensity provided by the WRF atmospheric model
are compared with data obtained from GMAD meteorological station of the Agadir-Al Massira
International Airport (station MS – Fig. 4.1). For the seasonal analysis, the study period extends
from 1/01/2018 to 31/12/2018, in which meteorological data were available every 1 hour. Seasonal
configurations are sequentially divided into four seasons: winter (21-Dec, Jan, Feb, 19-Mar),
spring (20-Mar, Apr, May, 20-Jun), Summer (21-Jun, July, Aug, 21-Sep), and Autumn (22-Sep,
Oct, Nov, 20-Dec). Overall, the observed air temperature and humidity fluctuation shows that
both variables differ alternately (Fig. 4.2).

During summer, the air temperature progressively increased and peaked in September, when
it frequently reached a maximum of 30 °C and the humidity was minimal (42%). During winter,
the air temperature dropped to the lowest level (10 °C) in November; conversely, the humidity rose
and reached (95%) in the same period. The annual trend of the observed winds exhibits irregular
pattern; however, the period between 12 of April and 25 of May has the most intense event, in
which the observed wind intensity reaches more than 5 ms−1. The minimum wind intensity
was found to be 0.54 ms−1 in June and the maximum was 7.2 ms−1 in April. The simulation for
low-value observations of wind intensities are well matched, but the BIAS grows rapidly with
higher values, yielding RMSE and BIAS mean values of 25.92 and -1.38 ms−1, respectively (Table
4.2). This may be because WRF model does not entirely resolve the complex topography in the
vicinity of a branch of the Atlas Mountains that extends for more than 150 km around the study
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area [50]. Such issues are well aligned by several authors [178, 389]. Small differences between
simulated and observed air temperature were prevalent during winter. Nevertheless, the mean
value of the correlation coefficient was high (0.7) whereas BIAS was low (0.52 °C), suggesting
that these deviations have a minimal repercussion in quality of the model outputs. In contrast,
the observed relative humidity was underestimated by the model, which is confirmed by the
negative mean values of BIAS (-1.88%) in combination with large RMSE values (35.20%). A good
reproduction is noticed for the atmospheric pressure, with a correlation coefficient of 0.94 and
RMSE mean values of 5.23 hPa.

Figure 4.2: Comparison between WRF outputs and GMAD station data for air temperature (T),
humidity (H), atmospheric pressure (P) and wind intensity (I) for 2018 (left). Red line represents
GMAD station data and the black line the WRF outputs. Correlation and performance results for
the WRF model vs meteorological data (right). Squared correlation coefficient (R2).

Next, MS observations and WRF model outputs, as well as WRF simulations at two additional
stations (M1: near the coast (-9.72 N, 30.41 W); M2: at the open ocean (-10.10 N, 29.93 W) – Fig.
4.1) are compared to identify the dominant wind configuration, in terms of the frequent wind
speed and directions in the outermost domain (Fig. 4.3). Results reveal higher wind intensities
at sea comparing to land, reaching values of around 21 ms−1 near-shore and 33 ms−1 at the
open ocean. The morphology assessment of wind roses (Fig. 4.3a) from both WRF outputs and
observations, furnish close results in terms of the frequent wind speed and directions, confirming
that the main wind blows from the W and NW sector. Given the observed data, more than 16%
of winds have speeds between 8 and 12 ms−1, and 15% of winds have speeds between 4 to 8
ms−1. Winds from the E quadrant are the least frequent, with a frequency of 1.6%, while the S
winds have a frequency of 8%. Moving to the coast, the wind veers to the NW and the intensity
markedly increases, presenting more than 19% of the local wind intensity amplitude, which
varies between 12 and 16 ms−1 near-shore. In the open ocean, the evolution of the wind intensity
is slightly different from the near-shore area, which is rather variable, ranging from northwest to
west. The wind seasonal fluctuation was then evaluated for the near-shore station (Fig. 4.4). The
overall view of the wind roses indicates that this area exhibits an irregular wind pattern, where
the strength and the direction of such winds are altered in seasonal scales. In winter, the wind

68



4.5. RESULTS

Table 4.2: Statistical results used to assess the agreement between WRF model outputs and
GMAD station observations for 2018. R2 — Squared correlation coefficient; RMSE — root mean
square error; BIAS — average error.

Air temperature Humidity Atmospheric pressure Wind intensity
(°C) (%) (hPa) (m.s−1)

R2 0.70 0.24 0.94 0.23
RMSE 9.69 35.20 5.23 25.92
BIAS 0.52 -1.88 1.08 -1.38

speed reaches 14.4% and 16.2%, mostly associated to winds from the NW and S-SE direction,
respectively. The summer season shows a strong influence of winds from NW (19.3%). There wind
intensities increase comparatively to the winter, with 50% of the winds with intensities higher
than 8 ms−1. NW wind direction still dominates the wind configuration during the remaining
seasons, with about 16.8% of the occurrences in spring.

Figure 4.3: Comparison of wind roses for the annual average wind measured at Airport station
(a) and simulated by WRF for (b) Airport station (-9.42 N - 30.32 W), (c) near-shore (-9.72 N, 30.41
W) and (d) the open ocean (-10.10 N, 29.93 W) from 1/01/2018 to 31/12/2018. (Note that the color
scales are different between observed and simulated data).

4.5.2 Hydrodynamic processes

4.5.2.1 Tides

Simulated time series of SSL at Agadir harbor (9.61 N, 30.41 W) (SSL, locations marked
in Fig. 4.1c) from 01/05/2017 to 31/12/2017 were compared with those extracted at the same
location from Shom data. The station and the period were selected due to Shom data availability.
Preliminary results are analyzed to assess the overall reliability of the model’s forecast accuracy
for Agadir Bay, rather than to perform an in-depth validation, which requires further comparisons
with field measurements at different locations and over a longer period. The mean SSL during
the model validation period was 3.49 m; the highest level was observed in June and peaked
on 25 June (Fig. 4.5a). The goodness-of-fit statistics in Fig. 4.5b of monthly variation of SSL
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Figure 4.4: Seasonally average simulated wind speed and direction at the near-shore station
(-9.72 N, 30.41 W) during (a) spring (b) summer and (c) autumn and (d) winter, 2018.

from 01/06/2017 to 30/06/2017 reveal that the tidal model accurately reproduces the frequency
distribution of tidal cycle, with Pearson correlation coefficient higher than 0.99 and MSS main
values close to 1 Table 4.3). The elevation difference between datasets is considered negligible
(average 0.005 m). Nevertheless, the mean RMSE (0.35 m) and BIAS (0.004 m) values were
quite low, suggesting that this discrepancy was of minimal consequence. The amplitude and
the phase of the principal tidal constituents are accurately captured as shown by the harmonic
analysis in Table 4.4. The averaged differences between the datasets are often smaller than 0.01
m for the amplitude and 11 degrees for the phase. The bulk of tidal energy is accounted for the
semi-diurnal constituents, which are the major tidal constituents in the Agadir bay. The principal
lunar M2 showed the highest amplitude and accounted for 58.5% of the tidal amplitude of the
total harmonic’s components presented in Table 4.4. Constituent O1 (principal lunar diurnal)
and the high frequency constituent M6 (sixth diurnal tide) are less accurate considering their
weaker amplitudes.

The simulated amplitude and phase maps for the most representative harmonic constituents
(M2 for semi-diurnal, K1 for diurnal and M4 for the main non-linear shallow water constituent)
are shown in Fig. 4.6. The results for the higher harmonic constituent (M2) demonstrate that its
amplitude increases progressively in the shallower areas, reaching a maximum of approximately
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Figure 4.5: Comparison between MOHID simulation (black line) and Shom times series (red dots)
of sea surface level (m) at Agadir harbor from (a) 01/05/2017 to 31/12/2017 and (b) 01/06/2017 to
30/06/2017. (c) Difference between Shom data and MOHID forecast for the Agadir harbor, June
2017 (left). Correlation and performance results for the MOHID model vs Shom data (right). R2

— Squared correlation coefficient.

Table 4.3: Quantitative assessment between MOHID sea surface level outputs and Shom times
series at Agadir harbor, June 2017. n — number of observations; R2— Squared correlation
coefficient; RMSE — root mean square error; BIAS — average error; MSS — model Skill Score.

Average (min-max) Average n R2 RMSE BIAS MSS
MOHID Simulation (min-max) (m) (m) (m)

Shom data
Agadir 1.84 (0.29– 3.49) 1.85 (0.31– 3.51) 720 0.99 0.35 0.004 0.99
harbor

80 cm near the coast. K1 tidal amplitude presents a pattern like that of M2, increasing toward
the inshore areas along the deepest lower Bay. The amplitude of the shallow waters constituent
(M4) is negligible over the Bay, but decrease irregularly to the open ocean. In terms of tidal phase,
differences in tidal propagation between the northern and southern Bays were found. Indeed, it
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Table 4.4: Frequency (cph), amplitude (m) and phase (degrees) of the principal tidal constituents
determined from Shom data and computed with MOHID model in Agadir harbor. SNR is the
square ratio between amplitude and amplitude error.

Harmonic Frequency Shom Tide SNR MOHID Simulation SNR
Amplitude Phase Amplitude Phase

constituent (cph) (m) (degrees) (m) (degrees)
Q1 0.0372 0.0171 250.27 43 0.0135 235.48 14
O1 0.0387 0.0457 295.25 0.030 0.0513 287.78 0.02
K1 0.0417 0.0819 45.19 0.012 0.0884 38.61 0.077
J1 0.0432 0.0072 106.38 8.5 0.0108 114.31 9.9
N2 0.0789 0.2473 25.67 29 0.2612 27.35 0.011
M2 0.0805 0.9820 43.16 0.045 1.0223 44.42 0.001
S2 0.0833 0.2633 64.32 35 0.2814 67.35 0.011
M4 0.1610 0.0143 139.40 13 0.0176 147.02 45
M6 0.2415 0.0045 335.82 1.9 0.0143 237.60 26

was found a minor phase delay as M2 tide propagates southward. K1 phase lag is locally lower
and follows an inverse pattern, increasing from northern to southern Bay. The lower values of
M4 phase were identified close to the Agadir harbor, where the M4 higher amplitudes were found
in consequence of the local shallower depths that induce the higher bottom friction.
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Figure 4.6: Amplitude (m) and phase (degrees UT) for (a) the semi-diurnal, (b) diurnal and (c)
non-linear tidal constituents, using the MOHID 3D – Baroclinic model predictions for the Agadir
Bay domain. (Note that the color scales are different in each panel of the figure).

4.5.2.2 Water temperature and salinity

• Comparison with in-situ data, satellite and ARGO floats
In-situ data, satellite product and ARGO floats profiles were interpolated over the model grid
and compared to the simulated water temperature and salinity. First, the seasonal variation of
SST and SSS were analyzed comparing time series of model results and measurements from I.
Lamine expedition [244] at S station (30.52N, -9,69W) (Fig. 4.1) from 01/01/2017 to 01/01/2018,
considering the availability of data. The surface water warmed up and reached a maximum of
24.95°C in August. In winter, the SST dropped to 16.89 °C by the end of December. The observed
data are directly compared with model output, revealing the ability of the model to replicate the
seasonal fluctuations of the measured SST data, as shown in Fig. 4.7a. The model did not capture
all the observed data, especially the annual variation of SSS (Fig. 4.7b). Indeed, the seasonal cycle
of measured SSS was well pronounced, with the lowest value (26.9 psu) occurring in February
and the highest (37.9 psu) in August. Next, simulated SSTs are horizontally interpolated for
each layer and compared with ODYSSEA satellite imagery for spring, summer, autumn 2017 and
winter 2018 (Fig. 4.8). A general decreasing of SST in areas off the Bay and the generation of a
coastal band of warmer water during the spring and summer seasons is apparent in both satellites
and simulated data. In autumn and winter, the cold Canary Current flows southeastwards across
Canary Islands. Visual comparisons between satellite and simulated data indicates that model
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simulations for SST were reasonably good particularly for the spring and summer seasons.
As for vertical distribution, the model configuration was validated by comparing simulated

and observed vertical profiles of water temperature and salinity available for the region under
study. ARGO profiling floats data from 2017 was selected for model validation because that was
the one with the highest number of buoys within the regional domain. However, the ARGO floats
data from the five buoys location (Fig. 4.1; A1–A5) were interpolated for different time instants
onto the nearest model grid (Fig. 4.9). The general water temperature and salinity patterns
decrease gradually toward the deep waters; high values (20.33 °C and 36.56 psu) were observed
at the subsurface and defined an established thermocline and halocline near the surface. At 2000
m depth, the bottom temperature and salinity reached their minimum values of 4.38 °C and
35.16 psu, respectively. A visual comparison between simulated and observed values of water
temperature and salinity reveals that model captured reasonably well the observed data at
shallow depths. Differences between simulated and observed values were relatively higher at the
deep layers, especially in summer.

Figure 4.7: Comparison between simulated (black lines) surface seawater temperature (SST, (a))
(°C) and sea surface salinity (SSS, (b)) (psu) (black lines) and the corresponding measurements
(red dots) at the surface layer of the Agadir area (station S, 30.52N, -9,69W) for the period
January-December 2017.

• Model skill assessment A quantitative assessment of model accuracy is given by the per-
formance of the goodness-of-fit statistics (Tables 4.5) and 4.6, where the statistical comparison
between observed and simulated horizontal and vertical profiles of temperature and salinity
is provided. Overall, the accuracy of the local model configuration to reproduce the seasonal
variation of SST of the study region was adequate, as demonstrated by the Pearson and RMSE
values of 0.825–2.57 °C, respectively (Table 4.5). Discrepancies with observed values may be
explained by the used input values at the inflow boundaries. The agreement is less satisfactory
considering SSS temporal distribution, as reflected by a higher RMSE (0.707 psu) and a neg-
ligible correlation coefficient (-0.441). Such discrepancies are expected as the area is governed
by a large variety of environmental factors that are not accounted in the model (e.g., waves,
freshwater discharges from Souss and Massa rivers), leading to some limitations in simulating
SSS in the area. Horizontal comparison between simulated and satellite SSTs showed that
the spatial thermal structure was adequately reproduced by the model, even if they tend to be
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Figure 4.8: Comparison between ODYSSEA seasonal surface seawater temperature (SST) images
(top) and MOHID results (bottom) for spring, summer, autumn and winter 2017 periods. (Note
that the color scales are different in each panel of the figure).

slightly underestimated in all seasons (BIAS ranging between -0.75 and -0.19 °C) (Table 4.5).
Indeed, correlation coefficient higher than 0.73 and RMSE lower than 0.64 °C were obtained for
water temperature simulations during the spring season. In contrast, slightly lower correlation
coefficient (0.378) and higher RMSE values (0.881 °C) were obtained during the summer season
simulation compared to the other seasons. Such a discrepancy could be associated to uncertainties
in the model near-shore wind configuration (e.g., [110, 391]), but also considering that satellite
data provides skin sea temperature whereas model results correspond to a 1 m thickness layer,
leading to an underestimation (BIAS = - 0.752 °C) of simulated SSTs, when compared with
the satellite products. These discrepancies corroborate that mentioned in the literature, where
differences between 1 and 1.5 °C are detected [420]. Vertically, a good agreement between model
simulations and ARGO floats was accomplish, highlighting the appropriateness of the model
implemented to reproduce thermocline and halocline patterns and all temperature and salinity
vertical variability. The skill assessment confirmed this model-data agreement (Table 4.6). Indeed,
correlation coefficients higher than 0.99°C/0.96 psu and RMSE lower than 0.93 °C/0.12 psu were
obtained for temperature and salinity comparisons, respectively. A decrease in model accuracy
was obtained at deeper depths, in this situation, model simulations tended to underestimate
water temperatures and salinity. The largest discrepancies between both datasets occurred for
ARGO 4, as demonstrated by RMSE values (0.932 °C – 0.122 psu). This disagreement could
be attributed to the turbulence parameterization, satellite maneuvers and algorithm selection.
Overall, considering the uncertainties, the complexity of the near-shore processes, the environ-
mental factors that are not accounted in the model, the comparisons with temperature data are
reasonable.
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Figure 4.9: Water temperature and salinity comparison between MOHID simulation (red line)
and ARGO float (black line) at different location (see Fig. 4.1 for the buoys locations) and time
instants. From left to right, A1 (February 9, 2017), A2 (May 10, 2017); A3 (May 20, 2017); A4
(June 22, 2017); A5 (September 19, 2017).

Table 4.5: Quantitative assessment between model results and observations for surface seawater
temperature (SST) and surface seawater salinity (SSS) for the period January-December 2017.
n—number of observations; r— Pearson correlation coefficient; RMSE—Root mean square error;
BIAS—average error.

Model Observations n (per Pearson RMSE BIAS

average average day) (r)

Time series SST 18.98 18.92 12 0.825 2.57 5.103
SSS 35.133 31.915 12 -0.441 0.707 9.731

Spatial Spring 17.707 17.904 89 0.734 0.636 -0.197
distributionSummer 19.344 20.096 91 0.378 0.881 -0.752

Autumn 18.964 19.38 80 0.563 0.716 -0.416
Winter 15.706 16.002 89 0.730 0.519 -0.295
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Table 4.6: Quantitative assessment between model results and observations for vertical profiles
of water temperature and salinity. n—number of observations; r— Pearson correlation coefficient;
RMSE—Root mean square error; BIAS—average error.

Location Time n
Water Temperature (°C) Salinity (psu)
Pearson RMSE BIAS Pearson RMSE BIAS

(r) (r)
Winter A1 30.66N,

12.71W
09/02
19:42

105 0.997 0.817 0.305 0.997 0.074 0.044

Spring A2 30.06N,
10.95W

10/05
20:10

83 0.997 0.363 -0.273 0.987 0.079 -0.497

A3 30.39N,
11.00W

20/05
19:48

92 0.994 0.641 -0.298 0.965 0.122 -0.021

Summer A4 30.15N,
11.83W

22/06
19:48

53 0.995 0.932 0.484 0.990 0.122 0.060

A5 30.85N,
12.27W

9/09
06:45

102 0.998 0.447 -1.27 0.993 0.06 0.009

4.5.2.3 Residual circulation and residence time

Even if no current velocities data were available for the model validation, the good agreement
between the meteorological data simulations and observations, as well as SSL, temperature
and salinity, is a solid indicator of the validity of the implemented hydrodynamic model [394].
From the hydrodynamic model outputs, we can derive more information describing the coastal
dynamics of the study region, such as residual circulation and residence time of water. The
residual circulation was computed by averaging the transient velocities at each grid cell over
the simulation period (from January-2017 to December-2018). Referring to the surface current
circulation pattern, the model suggested a residual flow field with a double gyre circulation
pattern; a large near-shore cyclonic circulation and another one at the open ocean (Fig. 4.10).
Lagrangien simulations provide knowledge about the behavior of tracers released from any
location of the model [381].

In what follows, Lagrangian tracers were used to simulate RT from five boxes selected
according to previous knowledge of ecological characteristics of the study area [11], from the
north to the south (Fig. 4.11a): box 1 limited by Cap Ghir, box 2 represents Anza Beach, box 3 the
Souss estuary, box 4 the Massa estuary and box 5 the Southern Bay. Fig. 4.11b represents the
instant when the tracers start leaving the Bay, showing their pathway within the Agadir Bay.
RT values during July and October 2017, where atmospheric conditions and tidal circulation are
strong were selected to represent the temporal variation of RTs (Fig. 4.12).

Overall, the simulation shows that in July all particles leave the Bay during the first 15
days (Fig. 4.12a, b). RT for three northern boxes is 3 days, for box 4 is 6 days and 9 days for the
southern Bay (box 5) (Fig. 4.12a). During October, the RTs are 5 days in the northern box 1, 2
days for box 3, 7 days for box 4 and 15 days for the southern Bay (box 5). After 13 days, the water
from boxes 1, 2, 3 and 4 was fully renewed (Fig. 4.12a, b). Furthermore, Fig. 4.12c shows that
after 6 days during July, the volume of the tracers is below 50% of the total volume of the Bay.
During October, the volume of the tracers reaches 50% of the total volume of the Bay after 10
days. This suggests that the RT of the whole Bay displayed a clear temporal variation, with its
smallest value in July and largest in October. This variation suggested that during July the Bay
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Figure 4.10: Surface residual circulation (ms−1) in Agadir Bay (average of model velocities from
January-2017 to December-2018).

Figure 4.11: Agadir Bay filled with Lagrangian tracers at the beginning of the simulation (a)
and after 1 day of simulation (b).

has a short retention for soluble particles, indicating that particles discharged in July would
be quickly transported out of the Bay. In contrast, particles released during October have the
longest retention time in the Bay.

4.6 Discussion

4.6.1 Hydrodynamic processes

The implementation of models to coastal areas, with scientific or management intentions,
should be based on evaluation of their predictive capabilities [40, 206]. Thus, validation should be
based on comparison with observed data using goodness-of-fit evaluation measure. In the present
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Figure 4.12: Temporal evolution of tracers emitted in each box in (a) summer and (b) winter
2017. (c) Temporal evolution of the ratio between the tracers’ volume and the boxes’ volume.

work, the use of a simple morphology assessment comparing model results and observations
revealed a useful insight into the SSL and the harmonic tidal characterization. The preliminary
results highlight the model’s accuracy to reproduce the seasonal variability of SSL. Differences
in tidal distribution could be attributed to the Bay morphology convergence/divergence, the
bottom friction influence and advective effects [138, 139, 330]. The results from amplitude and
form ratio ((O1 + K1) / (M2 + S2) [363]) show that the tide is semidiurnal and that its principal
tidal component is the principal lunar (M2). This result is consistent with the known mainly
semi-diurnal character of the Moroccan Atlantic ocean [13, 28, 307, 320]. As a shallow water
constituent, the amplitude of M4 is negligible, but is strongly influenced by changes in the Bay
morphology, namely by the shallower depths where the tidal wave from the Atlantic ocean is
amplified within the coast according to local topography and low bathymetry [202] modelisation.
In addition to the increase in amplitude for shallow areas, a phase delay is observed as tide
propagates in the Northward/Southward direction. Moreover, the tides are amplified in the coastal
area due to strong shoaling and narrowing effects, reaching more than 0.79, 0.15 and 0.015 m
near the Agadir harbor for M2, K1 and M4 constituents, respectively. Therefore, a significant
effect of the shallower continental shelves and the coastline concavity was found on local tidal
circulation. Moreover, the changes in the local coastal dynamics are reflected in the distribution
of water properties. In fact, it was found an important seasonal coastal variability in averaged
water temperature, with a mean SST value of 18.9 °C. The thermal gain from the increased air
temperature during summer is mainly governed by the meteorological conditions, particularly at
the arid to semi-arid setting of Souss [28], which gives rise to the warm water pools. This allowed
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water evaporation to increase to maximum levels; consequently, SSS reached 37.9 psu in August.
During winter, the coastal area displays a distinctive level of water temperature and salinity.
However, the SST range was weak, hardly reaching 22 °C, whereas SSS drops to less than 27 psu
in February.

Vertical profiles of seawater temperature and salinity revealed a thermocline and halocline
near the surface, associated with warmer and saltier surface waters and cooler and fresher deeper
waters. This situation seems to be influenced by the weather patterns and the wind induced
circulation characterized by the W and NW winds that dominate the study area. The sporadic
warm winds "Chergui" occasionally blow from the E, associated with the "Saharan depressions"
[27, 28], and may contribute to extreme air temperatures, beyond 30°C in summer 2018. Further,
the near-shore circulation could be driven by the local winds acting on the surface. In summer (Fig.
4.13a), an irregular pattern with surface currents (< 0.3 ms−1) is simulated near the shoreline,
in consequence of the restrictions to water movement induced by the shallower depths and
the higher bottom friction [183]. The predominantly NW winds induce strong southwards near-
shore circulation. In the offshore area, surface water moves southwestward and spread with an
approximate velocity of 0.4 ms−1. The model velocities are high in comparison to measurements
achieved in Cape Ghir (0.1 ms−1, [425]). In winter, the circulation of the surface water masses in
the inshore areas is generally NW-directed due to the predominantly S-SE wind conditions. As a
result of the interaction between predominantly winds and the coast topography, a large cyclonic
eddy dominates the circulation pattern in the inshore area of the Agadir Bay [379].

The analysis of the residual circulation calculated by averaging Eulerian circulation over the
simulation period confirms these findings (Fig. 4.10). The lowest residual velocities are found
near the coast (< 0.03 ms−1), and the flow vectors induce specific circular distribution. Indeed, the
movements of residual circulation pathways reveal the presence of coastal cyclonic eddy, typical
of this region. A similar structure was reported in previous studies [192, 273, 297, 391, 425].
This may be induced by the SW-NE orientation of the Bay [244] and by the differences in the
bottom friction due to the local bathymetry. As the wind blows over a surface of a variable depth
ecosystem, it accelerates the shallow waters more strongly than the deeper waters [271].

Figure 4.13: Simulated velocity modulus (ms−1) at the surface of Agadir Bay averaged over
summer 2017 (a) and (b) winter 2018 seasons.
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4.6.2 Particles trajectories and residence time

The behavior of the tracers shows its quick response to the Agadir Bay hydrodynamics’. This
is noticeable from the time-space distribution of the RT, with lower RTs ranging from 3 to 9 days
in summer and higher RTs ranging from 5 to 15 days in winter, depending on box location. These
results remain low in comparison to the other studies; e.g., Tagus estuary, Portugal (between 10
and 20 days, [167]); Marennes-Oléron Bay, French Atlantic coast (10 days, [134]).The shortest
RTs in the northern boxes may be explained by the slow mixing between box waters and incoming
waters form the Atlantic Ocean. Tracers were transported by the surface currents in the coastal
boundary layer, which is part of a large near-shore cyclonic eddy. Tracers originating north of
the Bay left these areas over a shorter time and transported to the south, when winds blew from
the NW. Nevertheless, RTs of tracers released in areas along the southern Bay of the region was
longer.

The local geomorphology restricts tracer’s circulation at the southern boxes, within which
tracers are trapped for a long time, but allows released tracers to scatter faster in the northern
box in response to the typical hydrodynamic activities favored by the coastline shape and the
orientation of the Cape. The investigation of the residual circulation pathways corroborates
these outcomes (Fig. 4.10). Indeed, it appeared that tracers are trapped inside a large near-shore
cyclonic eddy which favors their northward movement and decrease RT in the northern Bay.
Other factors as winds, the Bay-shelf water exchange [145, 224, 284, 357, 373, 472, 501], and
tidal exchange [284, 387] contribute to regulate the spatial and temporal variation of RT.

Such outcomes are well aligned with [501] results for the average RT in the Daya Bay
(South China Sea), obtained using a 3D barotropic model and considering the large-scale coastal
circulation in the open boundaries (upwelling, downwelling). Under these conditions they found
16 days for tidal forcing, and 18 days when the waves are considered. The obtained higher RT
in summer was related to the mean surface circulation as the water column is stratified during
this season, whereas the lower RT in winter was linked with the depth-mean circulation as the
water column is mixed. Accordingly, the tides increase the RT whereas the winds reduce the RT
by increasing local surface wind–driven circulation.

4.6.3 Model improvement

Main limitations in the present model implementation could be attributed to the scarcity of field
measurements that may have limited the validation of some model outputs. In fact, deviations
in the simulated surface salinities were somewhat expected, since there river discharges were
not incorporated in the model. Therefore, improved model skills may be gained by integrating
freshwater drainage in the model implementation. In addition, the resolution of the imposed
WRF forcing should be enhanced to better address the wind field variability.

It is worth noting that this was a preliminary investigation, which aims to contribute to
increase the knowledge about an important area that has been practically unexplored to date
from the hydrodynamic point of view. Notwithstanding, to get a more realistic picture of the main
dynamic features of the study area, a more robust validation with extensive field measurements
with greater spatial extent over a longer period should be carried out. This would require
additional validation of the coastal circulation and of the dispersal of passive tracers against
in-situ Eulerian (ADCPs) or Lagrangian (surface drifters) data.
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4.6.4 Conclusion

A 3D MOHID hydrodynamic model coupled with a Lagrangian transport model was imple-
mented and validated for the Agadir Bay (Moroccan Atlantic coast) to analyse hydrodynamic
functioning and estimate the RT of the study area. The model was calibrated and validated
against meteorological conditions, sea surface level, harmonic tidal constituents, water tempera-
ture and salinity using a combination of available in-situ measurements, satellite, and ARGO
floats data. Nevertheless, it was clear that the available data were limited and more current
speeds and directions are needed to perform a comprehensive model calibration and validation
study in the future.

Bearing in mind the weaknesses precisely above, quantitative and qualitative assessment
of model accuracy revealed a reasonable validation of the model, which highlights the ability of
the model in reproducing dynamic behavior in the regional-scale atmospheric and hydrodynamic
of the Bay. The area is mainly characterized by relatively high air temperature (maximum of
30°C), high relative humidity (maximum of 95%), dominated westerly and northwesterly wind
directions and governed by the semidiurnal tide (M2).

The analysis of the water temperature and salinity vertical structures revealed that the
thermocline and halocline were located near the surface layers. Relatively warmer and saltier
seawater occupied the surface water, while the deep waters were relatively cool and fresh. The
interaction between Bay’s topography and the local wind stress could induce a double-gyre circu-
lation a large near-shore cyclonic circulation and another one at the open ocean. Winter season
conditions consist of high level of winds speed coming predominantly from the S-SE resulted in
increased horizontal velocities, which predominantly flow northwestward. In contrast, local NW
winds drive the offshore surface water to the south during the summer season conditions.

Lagrangien simulations provide information about the RT and the possible pathways of
surface passive tracers. Lower RTs (from 3 to 9 days) were found in summer, and higher (from
5 to 15 days) in winter. The tracers are trapped inside a coastal cyclonic eddy, favoring the
northward transport and the RT increase in the southern Bay, making this a coastal region
susceptible to pollution. Nevertheless, validation of Lagrangian simulations against observed
surface tracers’ trajectories should be performed to assure the reliability of the model results.
An assessment of different scenarios for dispersal of passive tracers should be accomplish in the
future, to consolidate the knowledge about dispersion of polluted particles as well as their area of
accumulation within the Agadir Bay.
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CHAPTER 5. MODELING INVESTIGATION OF THE NUTRIENTS AND PHYTOPLANKTON
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5.1 Résumé du chapitre

Les résultats de ce chapitre ont fait l’objet d’un article publié en 2021 au journal “Ecological
Modelling” (https://doi.org/10.1016/j.ecolmodel.2021.109510). Dans ce chapitre :

Pour contrôler la prolifération du phytoplancton dans les zones côtières, il est essentiel de
comprendre les facteurs limitant la croissance, qui peuvent être la température, l’azote (N),
phosphore (P), silicium (Si) ou d’autres facteurs environnementaux [108, 157]. En général,

les eaux douces sont souvent considérées limitées en P en raison d’un rapport N:P élevé dans les
sources fluviales [163] et de la fixation de l’azote [399], tandis que les eaux marines sont souvent
considérées comme étant principalement limitées en N en raison de la libération de P par les
sédiments, de la lenteur de la fixation de l’azote et de la dénitrification élevée [343]. Les estuaires
se trouvent dans les zones de transition entre les systèmes d’eau douce et les systèmes marins,
et présentent donc souvent des schémas plus complexes de limitation des nutriments [108].
L’information est rare lorsqu’il s’agit de la dynamique du phytoplancton dans la baie d’Agadir.
Dans ce contexte, pour comprendre la distribution saisonnières et spatiales des nutriments
inorganiques dissous, et leur contribution à la croissance du phytoplancton dans la baie d’Agadir,
un modèle 3D hydrodynamique-biogéochimique à haute résolution est mis en œuvre. Un accent
particulier a été consacré au décryptage de la dynamique des assemblages planctoniques (Chl-
a, diatomées et flagellés), en réponse aux variable physico-chimiques (température de l’eau,
salinité et DO) et à la disponibilité des nutriments inorganiques dissous (NO3,PO4 et SiO4).
Le performance du modèle a été évaluées par rapport à des produits satellitaires (ODYSSEA
pour la SST et MODIS pour le Chl-a) et des données climatologiques (WOA2018). Malgré
certaines divergences dans la distribution temporelle de la SSS et de l’OD qui sont probablement
attribuées à des processus manquants et à certaines lacunes dans le cycle hydrologique du
modèle atmosphérique, les résultats ont démontré une représentation satisfaisante de la SST,
de la Chl-a, et un accord raisonnable dans le modèle saisonnier des nutriments inorganiques. A
partir des concentrations en nutriments et des rapports stœchiométriques; on peut affirmer que
les niveaux de NO3 peuvent être l’élément clé contrôlant la distribution du phytoplancton dans la
baie d’Agadir. Le rapport moyen N:P était inférieur au rapport classique de Redfield de 16:1 (N:P
= 0.4), ce qui suggère que la plupart de l’azote disponible a été incorporé par le phytoplancton
(largement dominé par les flagellés) dans le cycle biogéochimique local et fait évoluer la zone
vers une limitation de l’azote. Par contre, le faible rapport N:P pourrait être attribué à la plus
grande absorption d’azote par les flagellés, à l’injection possible de phosphore par les filaments
d’upwelling associés à un tourbillon cyclonique ou au recyclage plus rapide du phosphore par
rapport à l’azote dans les eaux côtières de surface. Les fortes concentrations simulées de SiO4
conduisent à un appauvrissement stœchiométrique en P par rapport à Si (rapports Si:P > 16:1) et
à une forte déficience en N par rapport à Si (rapports N:Si < 1:1) dans notre zone d’étude. En outre,
la distribution du phytoplancton révèle les plus grandes réponses aux niveaux de nutriments
et aux paramètres environnementaux avec une grande variabilité saisonnière. Les flagellés ont
dominé le Chl-a total dans les couches supérieures de la colonne d’eau pendant les périodes de
printemps et d’été coïncidaient avec le réchauffement des températures de l’eau, des salinités
plus élevées, une stratification intense et des concentrations plus faibles de nutriments (NO3
et PO4). Alors qu’une augmentation considérable de la biomasse des diatomées a été simulée
après l’été en réponse à une température de l’eau plus basse et à des concentrations en SiO4 plus
élevées. Ceci a des répercussions majeures sur le flux de carbone dans la zone, car les assemblages
phytoplanctoniques dominés par les flagellés contribuent à une faible exportation de carbone
vers les eaux plus profondes par rapport aux diatomées [126].
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5.2. ABSTRACT

5.2 Abstract

A lthough the environmental status of the Moroccan Atlantic coastal waters has been re-
searched in previous studies, there is still a lack of knowledge about its biogeochemical
functioning. Especially for the Agadir coast where measurements are quite scarce, realistic

ecological models can help identifying the key mechanisms driving fluctuations in such coastal
areas. Here we implemented a three-dimensional (3D) coupled hydrodynamic-biogeochemical
model in order investigate the time-space distribution of inorganic nutrients (NO3, PO4 and
SiO4), and their control on phytoplankton (diatoms, flagellates) biomass on the Agadir coast.
Model performance was evaluated against satellite observations and climatology data. The model
achieved satisfactory representation of the sea surface temperature, chlorophyll-a, and a reason-
able agreement in the seasonal pattern of inorganic nutrients. Based on nutrient concentrations
and their stoichiometric ratio; the study points to nitrate as the key factor controlling phyto-
plankton distribution (largely dominated by flagellates). Nitrate depletion occurs faster than
phosphate and silicate, thus driving the area towards nitrogen limitation.

Key–Words : Biogeochemical model, Agadir coast, diatoms, flagellates, nitrogen limitation.

85



CHAPTER 5. MODELING INVESTIGATION OF THE NUTRIENTS AND PHYTOPLANKTON
DYNAMICS IN THE MOROCCAN ATLANTIC COAST: A CASE STUDY OF AGADIR COAST

5.3 Introduction

Sustained by upwelling events and interactions with terrestrial inputs, the coastal waters off
North-West Africa in the Canary Current System including the Moroccan Atlantic coast are very
productive in terms of phytoplankton biomass (Chl-a up to 10 mg.m−3) and primary production
(up to 5 gCm−2.d−1) [32, 33, 249]. This makes this coast a very productive area in terms of
pelagic and demersal resources [32, 97]. Recently, coastal development has been unavoidable in
parallel with economic growth within Morocco. Consequently, coastal marine ecosystems have
been disrupted and several environmental problems have occurred, such as pollution of coastal
water, eutrophication, depletion of fish diversity and degradation of marine ecological habitats
[10, 64].

Understanding and managing the ecological changes occurring under climatic and anthro-
pogenic pressure is a scientific and coastal manager’s challenge as well. Within this context,
numerical models could contribute to the coastal management improving the current knowledge
on the nutrients and plankton dynamics, supplementing the time-space constraints of obser-
vations. Over the last years, there has been an increase in the use of models as management
support tools to describe the water quality of coastal and marine environments; CE-QUAL-W2
(e.g., [112, 506]), QUAL2E (e.g., [73, 419]), RWQM (e.g., [124]), WASP7 and 8 (e.g., [85, 105, 237]).

The Agadir coast, part of the Moroccan Atlantic coastal areas, was chosen for the develop-
ment of a numerical coastal model for North-West Africa. Given its geographical location as
a part of the Canary Current System, the concavity of its coastline and the influence of the
Atlas Mountains, the area is characterised by a permanent upwelling, responsible for a high
productivity [21]. It is, therefore, an important resource for fishing, aquaculture and recreational
activities which has been under local impacts, typically associated with strong human pressure,
industrial and urban expansion; dredging and pollution discharges disturb its ecological balance
[11, 12, 244, 324]. Understanding the ecological behaviors of this area remains necessary to
address coastal management questions. Unfortunately, given the limited spatial and temporal
coverage of observation networks, a major part of the Moroccan Atlantic coastal waters, including
the Agadir coast suffers usually from data sparsity. The information is poorer when it comes to
biogeochemical field data.

A coupled modeling system able of comprehensively capturing the cycle of biogeochemical
processes occurring in water column could facilitate ecological analysis of ecosystem dynam-
ics, making it a useful tool for investigating nutrient and plankton variability in coastal areas.
Although the biogeochemical variables in the coastal areas off the Canary Current System (North-
West Africa) has been restrictively discussed in previous studies (e.g.,[34, 199, 200, 273, 274, 391]),
there is still a lack of knowledge about its biogeochemical functioning of the Agadir coast. To
our knowledge, no high-resolution numerical model has yet been implemented to describe the
biogeochemical properties of this area. To fulfil these knowledge gaps, the biogeochemical dynam-
ics of lower trophic levels of the Agadir coast through the development and the assessment of a
three-dimensional (3D) MOHID Water modelling system has been investigated. The flexibility of
the MOHID Water allows the simulation of a large variety of ecological, physical and chemical
processes occurring in the water column, sediment and air interfaces, being so, considered a
powerful tool to investigate the dynamic aquatic ecosystems [92, 138, 146, 300, 361]).

The main purpose of this study is to provide a decision support tool for coastal management
of North-West Africa (Moroccan Atlantic coast). To accomplish this objective, numerical sim-
ulations of a high-resolution local configuration of 3D MOHID Water are performed over the
Agadir coastal waters. Special emphasis is given to describe the spatio-temporal distribution of

86



5.4. MATERIALS AND METHODS

inorganic dissolved nutrients, and their contribution to phytoplankton (diatoms and flagellates)
dynamics. Time-series, surface and depth maps of the simulated physicochemical fields (including
water temperature, salinity and dissolved oxygen), inorganic nutrients (nitrate, phosphate and
dissolved silica) and planktonic assemblages (chlorophyll-a, diatoms, flagellates and zooplankton)
are carried out for the period 2017-2018; selected according to the data availability. Model valida-
tion is investigated by comparing simulated surface variables with monthly climatological and
remote sensing data. A quantitative validation using statistical (correlation coefficient, difference
of mean values, standard deviation and root mean square errors) and graphical analysis (Taylor
diagram) are then executed to assess the model performance. Finally, the dynamic of phyto-
plankton and their response to nutrients and environmental factors variations are discussed and
pertinent conclusions are summarized.

5.4 Materials and methods

5.4.1 Study area

Located on the south-western Atlantic coast of Morocco, the Agadir coast is the central part of
a 35 km long shoreline bound between Cape Ghir in the north and Cape Aglou in the southwest
(Fig. 5.1). The coast exhibit wide morphological and geological variation. It is characterized by an
alternation of rocky coast in the north and sandy coast in the south [27]. The orientation of the
coast towards the west generates an important upwelling event because of its shallow depth and
the constant regularity of the northeast (NE) winds in this area [321].

Agadir Bay and the adjacent smaller Anza beach north of the commercial port are the most
important morphological characteristics of the region. Influenced by the Atlas Mountains, the
Atlantic ocean and Sahara, the area is characterized by an arid to semi-arid climate [29]. Average
annual temperatures range from 14°C in winter and 26.7°C in summer although temperatures
may rise to over 40°C under the influence of Sahara winds [244]. The rainy season mainly occurs
in the fall and in the first weeks of winter with average annual rainfall of about 300 mm/year
according to data obtained from the Regional Office of the Development of Agricultural Souss
Massa. Relatively energetic waves from the North largely dominate the area in both winter and
summer, presenting approximately 67% of the incident waves and only 5.75% from the south.
Furthermore, the dominant winds in the area are from the west-northwest (WNW) to the west
(W), favourable for the generation of Aeolian dunes in the semi-arid climate of Souss Massa.

The area is mainly governed by mesotidal and semidiurnal tides with a mean neap tidal
range of 1.3 m and a mean spring tidal range of 2.9 m. Tidal currents was relatively weak (order
of 0.1 m.s−1) and maintained a circular pattern within the coast [28].

5.4.2 Model description

Numerical simulations are performed using MOHID Water Modelling System (www.mohid.com).
The model consists of a set of coupled modules that aim to simulate the main physical and
biogeochemical processes in aquatic ecosystems [310]. It is based on the finite volume concept,
where the equations are applied macroscopically at each cell in the grid, using divergent flux
that assures the conservation in the transport of properties. The hydrodynamic model solves the
momentum and primitive continuity equations for the surface elevation supposing hydrostatic
and Boussinesq approximation [455].

Furthermore, the model is implemented assuming a semi-implicit time step integration for
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Figure 5.1: Downscaled model domain from Domain 1 (4km resolution) to Domain 2 (2km
resolution) with bathymetric contours. "S" indicate the position of the investigated station (30.5N,
-10.5W) used for time series validation. The "CO" transect is labeled as a black line.

its temporal discretization, using a Cartesian and sigma coordinates for its vertical discretization
and an Arakawa C grid for its horizontal discretization [294]. The transport event for a given
biogeochemical property (P), are calculated using a 3D advection-diffusion differential equation
[84].

(5.1)
dP
dt

= ∂P
∂t

+u j
∂P
∂x j

= ∂

∂x j

(
kθ · ∂P

x j

)
+ ( Sources − Sink )

Where P is the property concentration, j is the index for the Cartesian coordinate (x,y,z), k is the
turbulent mass diffusion coefficient. The sink and source terms for biogeochemical properties are
computed in each cell of the grid, and in each time instant using a biogeochemical model [394].
The state variables and processes are computed for a control volume, regardless of any transport
scheme. The control volume approach consists of splitting the water body into finite segments (or
control volumes) [94], solving for each one of them a series of linear equations representing the
interdependence of various properties and calculating the mass balances considering the sources
and sinks within each volumes. The biogeochemical processes are mainly adapted based on
formulations originally developed by the US Environmental Protection Agency (EPA) [513]. The
conceptual structure and the accounted processes are reported in Fig. 5.2. Model state variables
as well as a list of parameters values are given in tables 5.1 and 5.2. Thus, inorganic and detrital
organic forms of nitrogen (N), phosphorus (P) and silica (Si) have been explicitly simulated, being
are driven by very different remineralisation rates. The ammonia (NH4) equation considers res-
piration, mineralisation processes, phytoplankton uptake as well as the fraction of phytoplankton
and zooplankton mortality that is directly supplied into the system. In oxygenated water column,
NH4 is oxidized to NO3 by nitrification and conversely, NO3 is lost by denitrification to nitrogen
gas (N2). The kinetics of denitrification reaction is simulated as a function of NO3, dissolved
oxygen (DO) and temperature availability in the system [31].

The model considers the organic and inorganic phosphorus forms; the inorganic phosphorus
(PO4) considers mineralisation processes, phytoplankton uptake as well as the fraction of phyto-
plankton and zooplankton mortality that is released into the water column in inorganic form.
Fraction of the organic phosphorus settles to the sediment and another part is mineralized into
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PO4. The DO mass balance equation considers the production of oxygen by primary producers, the
consumption of oxygen and the exchange of oxygen between water column and atmosphere. The
model considers two major groups of producers in the ecosystem, diatoms (Dia) and autotrophic
flagellates (Fla) and various organic matter components. Primary producers’ uptake inorganic
nutrients (NH4, NO3,PO4 and dissolved silica (DSi)) and follow an exponential growth model.
Their variation is dependent on several factors mainly, oxygen, light incidence, and nutrients
availability [185]. The process is governed by equation:

(5.2)
dΦPhy

dt
=

(
µPhy − rPhy − exPhy −mPhy

)
.ΦPhy −GPhy

Were t is time (day); ΦPhy is phytoplankton biomass (mgC.L1); µPhy is gross growth rate
(day1); rPhy is total respiration rate (day1); exPhy is excretion rate (day1); mPhy is natural
mortality rate (day1); GPhy is grazing rate (day1) (More equations are given in Appendix).

Phytoplankton growth rates are linearly dependent on nutrient uptake rates [460]. The model
assumed also that both zooplankton (mirozooplankton (ciliate) and mesozooplankton) types are
simulated with Redfield Ratio (106C:16N:1P) such that their growth relies on the grazing rate
and maximum growth rate. Grazing, in turn, depends on food density and size as well as the
food encounter rate. The microzooplankton graze on flagellates and detrital particulate matter
whereas the mesozooplankton graze on diatoms, flagellates, and microzooplankton at rates de-
termined by zooplankton swimming speed, food size and density, and particle encounter rate
[45]. Grazing and mortality result in the accumulation of detritus, and dissolved inorganic and
organic nutrients through remineralisation. Dissolved organic material (refractory dissolved or-
ganic nitrogen (DONr), refractory dissolved organic phosphorus (DOPr), dissolved non-refractory
organic nitrogen (DONnr) and non-refractory dissolved organic phosphorus (DOPnr), dissolved
silica) are simulated with Redfield Ratio (106C:16N:1P). Particulate organic material (particulate
organic nitrogen (PON), particulate organic phosphorus (POP)) are remineralised to NH4 and
PO4, respectively, and biogenic silica (BSi) to DSi. They are generally produced by inefficient
feeding, plankton mortality, and zooplankton excretion. During these transformations, DON is
released in the water column and rendered available to the phytoplankton either as NH4. The
DOP is mineralized to PO4 and rendered become available to the phytoplankton.
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Table 5.1: Model state variables.
State Variable Units
Organism
Flagellate mgC/L
Diatom mgC/L
Mesozooplankton mgC/L
Ciliate (Microzooplankton) mgC/L
Nitrogen
Ammonia mgN/L
Nitrite mgN/L
Nitrate mgN/L
Particulate Organic Nitrogen mgN/L
Dissolved Organic Nitrogen Non Refractory mgN/L
Dissolved Organic Nitrogen Refractory mgN/L
Phosphorus
Inorganic Phosphorus mgP/L
Particulate Organic Phosphorus mgP/L
Dissolved Organic Phosphorus Non Refractory mgP/L
Dissolved Organic Phosphorus Refractory mgP/L
Silica
Dissolved Silica mgSi/L
Biogenic Silica mgSi/L
Oxygen
Dissolved Oxygen mgO2/L

Table 5.2: Model parameters.

Parameter Units Value Reference
Nitrogen
PON decomposition rate at reference temperature d−1 0.1 [444]
PON decomposition temperature coefficient – 1.02 [136]
DONre mineralization rate at reference temperature d−1 0.01 [362]
DONre mineralization temperature coefficient – 0.02 [362]
Nitrification rate at reference temperature d−1 0.06 [362, 449]
Nitrification half-saturation constant mgO2/ L 2 [160]
Denitrification half-saturation constant mgO2 L 0.1 [283]
Nitrification temperature coefficient – 1.08 [160]
Denitrification rate at reference temperature – 0.125 [160]
Denitrification temperature coefficient d−1 1.045 [160]
DONnr mineralization rate at reference temperature d−1 0.1 [336]
DONnr mineralization temperature coefficient – 1.02 [136]
Phosphorus
POP mineralization rate at reference temperature d−1 0.2 [444]
POP mineralization temperature coefficient – 1.08 [160]
DOPre mineralization rate at reference temperature d−1 0.03 [160]
DOPre mineralization temperature coefficient – 1.064 [456]
DOPnr mineralization rate at reference temperature d−1 0.1 [283]
DOPnr minreralization temperature coefficient – 1.064 [456]
Phosphorus or. Nitrogen
Nutrient regeneration half-saturation constant – 1 [136]
Fraction of PON available for mineralization – 0.7 [136]
Silica
Biogenic silica dissolution rate in the water column at the reference tem-
perature

d−1 0.03 [160]

Biogenic silica dissolution temperature coefficient – 1.02 [160]
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Oxygen
Oxygen/carbon ratio in CO2 – 2.67 [136]
Photosynthesis oxygen/carbon ratio – 2.67 [456]
Oxygen/nitrogen ratio in nitrate – 3.43 [136, 444]
Oxygen/nitrogen ratio in Phosphate – 2.06 [136, 444]
phytoplankton oxygen/carbon Ratio – 2.67 [136]
Mesozooplankton respiration oxygen/carbon ratio – 2.67 [136]
Microzooplankton respiration oxygen/carbon ratio – 2.67 [136]
Bacteria oxygen/carbon ratio (Redfield) – 1.4 [362]
Organic matter nitrogen/carbon ratio (Redfield) – 0.18 [136]
Organic matter phosphorus/carbon ratio (Redfield) – 0.024 [136]
Minimum oxygen concentration for growth – 10e-5 [362]
Flagellates
Flagellates maximum gross growth rate d−1 2.0 [160, 248]
Endogenous respiration constant for flagellates d−1 0.0175 [160, 362]
Fraction of actual photosynthesis which is oxidized by photorespiration for
flagellates

– 0.125 [136]

Excretion constant for flagellates – [136, 362]
Maximum mortality rate for flagellates d−1 0.07 [362]
Mortality half-saturation rate for flagellates mgC/L.d−1 0.02 [136, 362]
Assimilation efficiency of the flagellates by zooplankton 0.3 [362]
Nitrogen half-saturation constant for flagellates d−1 0.5 [136, 446]
Phosphorus half-saturation constant for flagellates mgN/L 0.014 [160, 456]
Optimum light intensity for flagellates photosynthesis mgP/L 0.001 [160]
Minimum temperature of the optimal interval for flagellates photosynthesis W/m2 121 [160]
Maximum temperature of the optimal interval for flagellates photosynthesis °C 13 [136]
Minimum tolerable temperature for flagellates photosynthesis °C 25 [136]
Maximum tolerable temperature for flagellates photosynthesis °C 5 [136]
Constant1 to control temperature response curve shape on flagellates °C 35 [136]
Constant2 to control temperature response curve shape on flagellates – 0.05 [313]
Constant3 to control temperature response curve shape on flagellates – 0.98 [136]
Constant4 to control temperature response curve shape on flagellates – 0.98 [313]
Flagellates nitrogen/carbon Ratio mgN/mgC 0.18 [160, 161]
Flagellates phosphorus/carbon Ratio mgP/mgC 0.024 [160, 161]
Fraction of soluble inorganic material excreted by flagellates 0.4 [136, 362]
Fraction of dissolved organic material excreted by flagellates – 0.5 [136, 362]
Diatoms
Diatoms maximum gross growth rate d−1 3 Calibrated
Diatoms endogenous respiration constant d−1 0.0175 [160, 362]
Fraction of actual photosynthesis which is oxidized by photorespiration for
diatoms

– 0.125 [136]

Diatoms excretion constant – 0.07 [136, 362]
Maximum mortality rate for diatoms d−1 0.02 [362]
Half-saturation for mortality for diatoms mgC/L.d−1 0.3 [136, 362]
Assimilation efficiency of diatoms by zooplankton d−1 0.8 [136, 446]
Nitrogen half-saturation constant for diatoms mgN/L 0.015 [160]
Phosphorus half-saturation constant for diatoms mgP/L 0.002 [160]
Silicate half-saturation constant for diatoms mgSi/L 0.08 [160]
Optimum light intensity for diatoms photosynthesis W/m2 121 [136]
Minimum temperature of the optimal interval for diatoms photosynthesis °C 8 [136]
Maximum temperature of the optimal interval for diatoms photosynthesis °C 10 Calibrated
Minimum tolerable temperature for diatoms growth °C 4 [136]
Maximum tolerable temperature for diatoms growth °C 37 [136]
Constant1 to control temperature response curve shape on diatoms – 0.1 Calibrated
Constant2 to control temperature response curve shape on diatoms – 0.98 [160, 161]
Constant3 to control temperature response curve shape on diatoms – 0.98 [160, 161]
Constant4 to control temperature response curve shape on diatoms – 0.02 [136]
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Diatoms nitrogen/carbon ratio mgN/mgC 0.18 [136]
Diatoms phosphorus/carbon ratio mgP/mgC 0.024 [48]
Diatoms silica/carbon ratio mgSi/mgC 0.6 [160]
Fraction of soluble inorganic material excreted by diatoms – 0.4 Calibrated
Fraction of dissolved organic material excreted by diatoms – 0.5 Calibrated
Mezooplankton
Zooplankton maximum gross growth rate d−1 0.15 [136, 160]
Zooplankton nitrogen/carbon ratio mgN/mgC 0.15 [160]
Zooplankton phosphorus/carbon ratio mgP/mgC 0.024 [160]
Soluble inorganic fraction on the zooplankton excretions – 0.4 Calibrated
Dissolved organic fraction excreted by zooplankton – 0.5 Calibrated
Minimum temperature of the optimal interval for zooplankton growth °C 13 Calibrated
Maximum temperature of the optimal interval for zooplankton growth °C 25 [136]
Minimum temperature zooplankton growth °C 5 [136]
Minimum temperature of the optimal interval for zooplankton growth °C 35 [136]
Constant1 to control temperature response curve shape – 0.05 [313]
Constant2 to control temperature response curve shape – 0.98 [313]
Constant3 to control temperature response curve shape – 0.98 [313]
Constant4 to control temperature response curve shape – 0.02 [313]
Rate of zooplankton consumption of carbon by respiration and non-
predatory mortality

d−1 0.036 [160]

Ivlev grazing constant l/mgC 13 [136]
Zooplankton predatory mortality rate: predation by higher trophic levels d−1 0.02 [160]
Minimum prey concentration for zooplankton grazing mgC/L 0.0045 [136]
Minimum ciliates concentration for zooplankton grazing mgC/L 0.0045 [136]
Minimum phytoplankton concentration for zooplankton grazing mgC/L 0.0045 [136]
Diatoms minimum concentration for predation mgC/L 0.0045 [136]
Zooplankton excretion Rate at 0º mgC/L 0.02 Calibrated
Constant for zooplankton excretion curve mgC/L 1.0305 Calibrated
Constant for zooplankton mortality curve – 0.0 Calibrated
Minimum rate for zooplankton natural mortality d−1 0.001 Calibrated
Maximum rate for zooplankton natural mortality d−1 0.04 [24]
Half-saturation constant for grazing mgC/L 0.85 [136]
Capture efficiency of phytoplankton by zooplankton – 0.8 [136]
Capture efficiency of ciliates by zooplankton – 0.2 Calibrated
Capture efficiency of diatoms by zooplankton – 0.8 Calibrated
Zooplankton maximum ingestion rate – 1 [362]
Assimilation coefficient of phytoplankton by zooplankton – 0.8 [136]
Assimilation coefficient of ciliates by zooplankton – 0.8 [136]
Assimilation coefficient of diatoms by zooplankton – 0.8 [136]
Proportion of phytoplankton in zooplankton ingestion – 1.0 Calibrated
Proportion of ciliates in zooplankton ingestion – 0.0 Calibrated
Proportion of diatoms in mesozooplankton ingestion 0.0 Calibrated
Ciliates (microzooplankron)
Ciliates nitrogen/carbon ratio mgN/mgC 0.16 Calibrated
Ciliates phosphorus/carbon ratio mgP/mgC 0.024 Calibrated
Minimum concentration of bacteria for ciliates grazing 0.0045 Calibrated
Minimum concentration of flagellates for ciliates grazing mgC/L 0.0045 Calibrated
Minimum concentration of prey for ciliates grazing mgC/L 0.0045 Calibrated
Ciliates respiration rate at the reference temperature d−1 0.02 [48]
Ciliates excretion rate – 0.02 Calibrated
Constant for ciliates excretion curve mgC/L 1.0350 Calibrated
Constant for ciliates mortality curve – 0.0 Calibrated
Minimum rate for ciliates natural mortality – 0.0 Calibrated
Maximum rate for ciliates natural mortality d−1 0.044 [24]
Half-saturation constant for ciliates grazing mgC/L 0.85 [24]
Capture efficiency of bacteria by ciliates – 0.5 Calibrated
Capture efficiency of flagellates by ciliates – 0.5 Calibrated
Ciliates maximum ingestion rate – 1 Calibrated
Assimilation coefficient of bacteria by ciliates – 0.5 [160]
Assimilation coefficient of flagellates by ciliates – 0.5 [48]
Proportion of bacteria in ciliates ingestion – 0.5 Calibrated
Proportion of flagellates in ciliates ingestion – 0.5 Calibrated
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Figure 5.2: Biogeochemical conceptual model representing state variables (black boxes) and
processes (arrows).(Nitrogen gas (N2), ammonia(NH4), nitrate (NO3), nitrite(NO2), inorganic
phosphorus (PO4), dissolved silica (DSi), biogenic silica (BSi), refractory dissolved organic nitro-
gen (DONr), refractory dissolved organic phosphorus (DOPr), dissolved non-refractory organic
nitrogen (DONnr), non-refractory dissolved organic phosphorus (DOPnr, particulate organic
nitrogen (PON), particulate organic phosphorus (POP), dissolved oxygen (DO)).

5.4.3 Model implementation

The model was implemented using the downscaling approach of nested domains, described by
[299]. Two domains of nested grids with different resolutions were used (Fig. 5.1). The local high-
resolution domain, Agadir Coast Model System (ACMS) (Domain 2), receives its open boundary
conditions from the lower resolution regional domain, the Moroccan Atlantic Coast Operational
Model System (MACOMS) (Domain 1) which open boundary condition (seawater temperature and
salinity) combines low-frequency Copernicus Marine Environment Monitoring Service (CMEMS)
outputs with tidal levels simulated using the same horizontal resolution (ACMS domain).

In operational modelling system, the one-way downscaling approach using an intermediate
regional model application between CMEMS and a local domain has the advantage of running a
number of local applications in parallel. This allows simulations to be available in a short time
period, as MACOMS can run independently of its receiving local application. MACOMS domain
is an implementation of 2D barotropic model with 0.04° horizontal resolution, regional domain
resulting in a grid of 238 × 359 cells and maximum depths around 5300 m (Table 5.3). ACMS
domain resulting of an implementation of 3D baroclinic model with 0.02° horizontal resolution, a
grid of 56 × 56 cells and a maximum depths reaching 2133 m (Table 5.3).

The model has been set up using the bathymetry provided from MARPOCS (Multinational
Response and Preparedness to Oil and Chemical Spills) project (http://www.maretec.org/en/
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projects/current/MARPOCS) and run with mode-splitting time steps of 90 s and 20 s respectively
for 2D and 3D calculations.

Air temperature, relative humidity, wind speed and direction, mean sea level pressure,
cloudiness and radiation data provided from WRF (Weather Research and Forecasting Model)
implemented by Action Modulers (http://www.actionmodulers.pt) were used to force the
model. The tidal forcing was obtained from the harmonic components extracted from the FES2012
with 3km resolution, version of the FES (Finite Element Solution) global tidal model [87]. The
monthly climatological 3D boundary for inorganic nutrients was derived from World Ocean Atlas
2013 (WOA13, https://odv.awi.de/data/ocean/). The WOA13 data provides vertical fields of
inorganic nutrients (NO3,PO4, and SiO4) and dissolved oxygen on a 1.00° grid, defined at 37
standard depth levels with distances between values increasing with depth starting with 5 m
intervals at the surface and 25 m intervals from 100 m depth onwards.

Table 5.3: Main characteristics of the implemented nested model domains

Settings MACOMS domain ACMS domain
Area Moroccan Atlantic coast Agadir coast
Model characterization 2D – Barotropic 3D – Baroclinic
Grid corners Lon: -20.79 – -6.51 Lon: -10.67 – -9.63

Lat: 25.04 – 34.55 Lat: 29.74 – 30.86
Depth Min: 15 m Min: 15 m

Max: 5300 m Max: 2133 m
Cells dimension 238 × 359 56 × 56
Vertical Grid 7 Sigma Layer 7 Sigma Layer

43 Cartesian layers 33 Cartesian layers
Horizontal Grid 4 km 2 km
Time steps 90 seconds 20 seconds
Tides FES2012 [88] From Domain 1
OBC Water From MercatorOcéan 1 From Domain 1
OBC Atmosphere WRF [445] WRF [445]
OBC Nutrients – WOA13 2

Discharges No No
Turbulence – GOTM 3 [74]
Bottom stress Rugosity of 0.0025 m2s−1 Rugosity of 0.0025 m2s−1

1 https://www.copernicus.eu/. 2 https://odv.awi.de/data/ocean/. 3 General Ocean Turbulence Model.

5.4.4 Model validation

The model performance is evaluated through the comparison with remote sensing and climato-
logical data.Satellite level 4 products generated by the ODYSSEA with 0.02° spatial resolution
(http://marine.copernicus.eu/ [39]) are spatially averaged to fit the model grid and compared
with the simulated sea surface temperature (SST). Monthly mean chlorophyll-a (Chl-a) derived
from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor onboard NASA’s Aqua
database (https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MY1DMM_CHLORA) is used to
examine the Chl-a concentration (January – December 2017) in the surface layer of the station
"S" (30.5N, -10.5W) (Fig. 5.1), choosed according to the data availability.

Namely SST, sea surface salinity (SSS), DO, NO3,PO4, and SiO4 are validate using tan At-
las 2018 (WOA2018; hemonthlyclimatologicaldataprovidedfromWorldOcehttps://odv.awi.
de/data/ocean/) at the station "S". Furthermore, quantitative analysis is investigated using
graphical and statistical skill assessment including; correlation coefficient (r), difference of mean
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values (bias), root mean squared error (RMSE), standard deviation (SD) and, graphically, the
Taylor’s diagram [436].

5.5 Results

5.5.1 Spatial variability of hydrographical condition

The spring (20-Mar, Apr, May, 20-Jun), summer (21-Jun, July, Aug, 21-Sep), and winter
(21-Dec, Jan, Feb, 19-Mar) horizontal distribution of SST predicted by the model and collected by
ODYSSEA are presented in Fig. 5.3. General SST cross-shore gradient is detected; this gradient
is accentuated in the south-western coast, in result of the cold-water inflow coming from the
north. The horizontal signature of the SST seasonal pattern is captured by the model with
nevertheless some discrepancies near to the boundaries. The model skill in reproducing the
SST distribution was graphically summarized in a quantitative way using the Taylor diagram.
The diagram investigates overall position of the simulated SST with respect to the ODYSSEA
products in terms of r, RMSE and SD [436].

Results are depicted in Fig. 5.3 and associated statistical indices are calculated in Table 5.4.
As a whole, spatial distribution of SST presents relatively good scores in all skill indexes, even
if they tend to be slightly underestimated in spring and summer (BIAS = -0.129 and -0.177°C,
respectively) (Table 5.4).The diagram clearly confirms the good agreement between simulated
and satellite SST fields, with correlation coefficient up to 0.87. Of the three seasons, the simulated
SST in closest agreement with the satellite product in terms of high correlation (r = 0.86) and low
error (RMSE = 0.55°C) is provided during the winter period. In contrast, this agreement decrease
slightly during the spring period with r = 0.74, RMSE = 0.68°Cand SD = 0.61°C and the summer
period with r = 0.72, RMSE = 0.69°C and SD = 0.67°C. Likewise, SSS increased as the offshore
distance increased (Fig. 5.5a, b, c). However, the near-shore region affected by diluted waters and
the offshore region affected by high salinity associated with warmer surface waters declined in
winter (Fig. 5.5c). In contrast, surface DO was patchily distributed, with a mass water of higher
concentrations coming from the north simulated in spring and summer (Fig. 5.5d, e). In winter,
the DO concentrations decreased as the distance from the near-shore region increased (Fig. 5.5f).

Table 5.4: Statistical results used to assess the agreement between ODYSSEA satellite sea
surface temperature (SST) and MOHID SST simulations. n-number of observations; r- correlation
coefficient; RMSE- root mean square error; SD- standard deviation; BIAS- average error.

MOHID ODYSSEA n (per Correlation RMSE SD BIAS
Average(°C) Average(°C) day) (r) (°C) (°C) (°C)

Spring 18.491 18.621 89 0.742 0.682 0.613 -0.129
Summer 19.711 20.988 91 0.724 0.692 0.667 -0.177
Winter 16.065 16.059 89 0.866 0.553 1.104 0.007
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Figure 5.3: Sea surface temperature (SST) from (left) satellite ODYSSEA and (right) MOHID
outputs during (a, a’) spring, (b, b’) summer and (c, c’) winter 2017-2018 (Note that each panel
has its own scale).

Vertical sections (up to 1500 m) of physicochemical parameters were illustrated selecting
the "CO" transect (Transect with high mean cross-shore variables gradient) from the Agadir
coast, across the continental shelf to the offshore region (Fig. 5.1). Indeed, the water temperature,
salinity and DO concentration of "CO" transect exhibited stratified distributions in both seasons
(summer and winter). The temperature and salinity decreased as the depth increased with strong
negative downward gradient of around 17 units difference between surface and bottom layers
for water temperature, 1.8 units for salinity. As the temperature increased, the microorganisms
became more active; nonetheless, the leaping layers hindered the water exchange between the
surfaces to the bottom layers, inducing in a drop of the DO levels on the bottom (Fig. 5.6).
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Figure 5.4: Taylor diagram quantifying model skill of sea surface temperature (SST) against
ODYSSEA satellite product acquired in spring, summer and winter 2017-2018. The correlation
coefficient (r) between simulated and satellite SST is given along the arch of the diagram by the
azimuthal angle. The centred root mean square difference (RMSD) is represented by the green
arc and the normalized standard deviation (SD) is proportional to the radial distance from the
origin.

Figure 5.5: Surface distribution of simulated (a, b, c) salinity (psu) and (d, e, f) dissolved oxygen
(mg/L) in spring, summer and winter 2017-2018.
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Figure 5.6: Vertical distributions of simulated (a, a’) temperature (°C), (b, b’) salinity (psu) and (c,
c’) dissolved oxygen (mg/L) along the "CO" transect (black line in Fig.5.1) in summer and winter
2017-2018.

5.5.2 Spatial variability of nutrient concentrations and plankton biomass

Spatial distributions of surface NO3,PO4 and SiO4 concentrations in Agadir coastal area
were simulated during spring, summer and winter 2017-2018 (Fig. 5.7). The anomalously high
NO3 concentrations were limited to the northern area during the spring period and could be
associated to the boundary conditions (Fig. 5.7a). In contrast, the central part of the coast seems
to be favoured by high NO3 concentrations during summer and winter periods (Fig. 5.7b, c).
The PO4 distribution exhibits a different pattern as NO3. Areas with low concentrations were
located in a narrow coastal band in spring (Fig. 5.7d). In summer, coastal circulation loads of PO4
concentrations to accumulate in the central part of the coast; offshore extensions were detected
during the winter period (Fig. 5.7e, f). The SiO4 concentrations were found to be higher for all
seasons in comparison with NO3 and PO4. Thus, SiO4 is unlikely to be the principal limiting
factor for diatom distribution in our area. In spring, the SiO4 concentrations were higher than
those in summer and exhibited decreasing trends as distance from the near-shore coast increased
(Fig. 5.7g). During summer and winter periods, the lowest SiO4 concentrations were limited to
the central part of coast, the rest of the domain was relatively rich in SiO4 (Fig. 5.7h, i).

Furthermore, the vertical profiles of NO3,PO4 and SiO4 of "CO" transect displayed stratified
distributions (Fig. 5.8). The nutrient concentrations gradually increased with increasing depth,
and high values were simulated in the bottom layers in response to the bottom currents and
remineralisation of organic material.

On the other hand, the simulated surface phytoplankton (in terms of C-biomass) varies
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substantially from the coast to the open ocean, showing a strong longitudinal decreasing trend
of diatoms in spring and winter (Fig. 5.9a, c). In contrast, the central part of the coast seems
to be favoured by high biomass of diatoms during the summer period (Fig. 5.9b). Simulated
surface flagellate has a similar footprint to the diatoms distribution trends although with greater
magnitude (Fig. 5.9d, e, f). Nevertheless, lower values of simulated zooplankton biomass were
limited to the nearshore area in spring and to the central part of the coast in summer (Fig. 5.9g,
h), whereas, the winter season exhibited a high zooplankton biomass near the coast, which begins
to decrease gradually to the offshore area (Fig. 5.9i).

Figure 5.7: Surface distribution of simulated (a, b, c) NO3 (mg/L), (d, e, f) PO4 (mg/L) and (g, h,
i) SiO4 (mg/L) in spring, summer and winter 2017-2018.
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Figure 5.8: Vertical distributions of simulated (a, b) NO3 (mg/L), (c, d) PO4 and (e, f) SiO4 (mg/L)
along the "CO" transect (black line in Fig. 5.1) in summer and winter 2017-2018.

5.5.3 Temporal variation – validation with climatology and satellite data

To understand changes in phytoplankton distribution in relation to physical and biogeochem-
ical variables, we analyzed annual variation (January December 2017) of SST, SSS, DO and
inorganicnutrients by averaging the monthly climatology data and compared with simulated
findings from station "S" (30.5N, -10.5W) (Fig. 5.10).

We summarize graphically in a quantitative way the model performance using the Taylor
diagram. For temperature, we analyzed the seasonal pattern of the mean SST, which indicated
that the study area warmed up and attained maximum temperature during summer. In winter,
the surface water has cooled down rapidly and attained minimum temperature in February. The
model captured not only the seasonal variability in SST climatology, but also the range of the
observations (Fig. 5.10a). Meanwhile, the average SSS climatology data showed higher values in
winter and spring than that in summer and fall. The model does not matches SSS climatology
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Figure 5.9: Surface distribution of simulated (a, b, c) diatoms (mg C/L), (d, e, f), flagellate (mg
C/L) and (g, h, i) zooplankton (mg/L) in spring, summer and winter 2017-2018.

data indicating a shift in timing of the monthly variability (Fig. 5.10b) and leading to a higher
error (RMSE =1.67 psu) (Fig. 5.11). The surface DO average climatology concentrations reached
the maximum in the winter. Thereafter, the DO variation remained a decreasing trend and
dropped to the minimum average in fall. The model relatively captured the general annual trend
with an underestimation mainly in the late period of investigation (Fig. 5.10c). A decreasing trend
in inorganic nutrients (NO3 and PO4) systematically occurred from the early spring, leading to
ample variations in NO3 concentrations explained mostly by the denitrification processes and
the phytoplankton uptake (see later discussion). The model captured seasonal signature of the
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climatological pattern, except a slight time-lag of the winter peak and an overall overestimation
in January and the early February and underestimation in the rest of the year (Fig. 5.10d).
Seasonal changes in PO4 concentrations were consistently associated with higher values in
winter followed by a sharp decrease in summer. Overall, the model captured reasonably seasonal
pattern, despite some discrepancies could be related to the used constant input values at the
inflow boundaries (Fig. 5.9e). The general SiO4 trends show that the highest values were getting
later in the year. A continuous increase in SiO4 concentrations with time was simulated in
agreement with the climatology data (Fig. 5.10f). On the other hand, given the scarcity of field
data, time series of the sea surface Chl-a (estimated using the conversion factor from simulated
total phytoplankton carbon-biomass as defined in [246] are assessed using MODIS-Aqua satellite
data. Overall, the average concentration in spring and summer was higher than that in fall and
winter.

The model captured reasonably well seasonal variability in Chl-a concentrations, particularly
good agreement is observed in spring and summer. In winter, the model has a tendency to under-
estimate surface Chl-a concentrations, most notably in the early period of investigation (January
and February) (Fig. 5.10g). The flagellate biomass distribution displays a similar pattern as Chl-a
(Fig. 5.10h). However, simulated flagellate growth starts at late February, followed by the bloom
peak in March and April. The simulated biomass decreased in the late spring, and the second
summer bloom of lower magnitude was manifested. After a summer bloom decline biomass at-
tains even lower values in fall and reaches its annual minimum values in the November, probably
due to combined zooplankton grazing, light and nutrient limitation. Compared to the flagellate,
the diatoms seasonal signature is less marked where biomass tended to remain low throughout
the year. Their simulated biomass slowly but steadily increased, reaching the maximum values
in late December (Fig. 5.10h).

The visualization of the models’ performance using the Taylor diagram confirmed the agree-
ment model–climatology data (Fig. 5.11). From the Taylor skill indexes, one can identify PO4 and
NO3 tend to be the most skillful among the all model variables, with high correlation coefficient
(r > 0.8), low error (RMSE < 0.6 mg/L) and normalised standard deviations close to 1 (SD = 0.91
and 1.07 mg/L, respectively). Chl-a, SST and SiO4 present a moderate correlation (0.68 < r <
0.7) and the correct variability (SD 0.7). DO is a bit out of phase with the observed one, which
results in its low correlation and error (r = 0.17, RMSE = 1.19 mg/L and SD = 0.86 mg/L). The
low skill scores for DO suggests that it is difficult to validate since many components interact
with oxygen, and contribute to oxygen production and consumption, such as the exchange of
oxygen between water column and atmosphere, photosynthetic oxygen production, respiratory
consumption by phytoplankton and consumption of oxygen by degradation of organic matter
[354, 388]). Furthermore, SSS appears with a negative correlation (r= -0.3) and high error (RMSE
=1.67 psu), as the model fails to capture the observed evolution of the climatology data. Theses
discrepancies can be due of the fact that the freshwater discharges from Souss and Massa rivers
are not accounted in the model.
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Figure 5.10: Comparison of (e-f) simulated sea surface temperature (SST), sea surface salinity (SSS), dissolved oxy-
gen (DO) and nutrients (NO3,PO4,SiO4) concentrations (mg/L) (lines) and the corresponding WOA2018 climatology
data (red dots).(g) Simulated Chlorophyll-a (Chl-a) concentration (mg/m3) (line) and the corresponding MODIS-Aqua
satellite products (black dots) at the surface layer of the Agadir area (station "S") for the period January-December
2017. (h) Time series (January-December 2017) of phytoplankton biomass (diatoms and flagellates) (mg C/L) at the
surface layer of station "S".
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Figure 5.11: Taylor diagram displaying the model–data correspondence of the annual variability
(January December 2017) of model outputs and WOA2018 climatology data of sea surface
temperature (SST), sea surface salinity (SSS), dissolved oxygen (DO), nitrate (NO3), phosphate
(PO4) and silica (SiO4); MODIS-Aqua satellite data for chlorophyll-a (Chl-a) in the surface layer
of the Agadir area (station "S").

5.6 Discussion

5.6.1 Spatio-temporal dynamics of phytoplankton

The dominance of simulated flagellates was somewhat surprising as several studies report
that diatoms typically dominate Moroccan Atlantic coastal food chains [156, 327, 417]. Except for
[21] that report a low to moderate (20–68%) contribution of diatoms to total phytoplankton in the
Cape Ghir (Fig. 5.1). There are a number of explanations for the lack of diatoms in this area. The
first can be associated to the strong water column stratification that provides beneficial conditions
to favor flagellated group of the phytoplankton assemblages, as flagellates are more adapted to
stratified and stable waters with low nutrient concentrations (e.g., [261, 421]). Another possible
explanation can be attributed to the way phytoplankton responded to the time–space changes in
upwelling conditions (SST, SSS. . . ) that affect the nutrient levels in water column. In fact, many
flagellate species are characterized by higher surface/volume ratios compared to the diatoms
group. They are able to access alternative phosphorus sources [78] and to use various forms of
reduced nitrogen when N: P ratios are minimal [21, 322].

At the spatial scale, the general shift in maximum flagellates and diatoms between the
shelf and the open ocean during the spring period coincides with the spatial gradient of the
surface inorganic nutrients (Fig. 5.7, 5.9).Thereafter, the possible injection of nutrients by coastal
upwelling events could have improved phytoplankton proliferation in the central part of the
coast during the summer period when coastal upwelling is more intense [122, 391]. In winter,
the transport of high nutrient water to the offshore areas supported by the Atlantic water
advection could favors proliferation of phytoplankton in waters further offshore [21]. Besides
this spatial distribution, increases in Chl-a concentrations in studied station "S" (30.5N, -10.5W)
generate a major spring peak of 1.3 mg/m3 in March and a minor summer peak of 0.1 mg/m3
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in July. Outside those two peaks, Chl-a levels oscillate between approximately 0.008 and 1.3
mg/m3.This range of values remains lower in comparison to those observed by [208] near the
coastline (30.56N, -9.76W) (0.77 – 1.95 mg/m3). Surface distribution of simulated flagellates
show similar trends with well-pronounced spring bloom that could be attributed to the higher
nutrient availability combined with adequate light conditions (not shown) in the upper stratified
water column. Nutrient concentrations become then relatively low and simulated flagellate
levels decrease to 0.058 mg C/L in late May. Afterward, flagellate growth conditions apparently
improved due to sufficient light irradiance supported by the increase in surface solar heating,
generating relatively high flagellate levels in July. After summer, inorganic nutrients (NO3
and PO4) are dropped to low levels in the surface water column and solar heating is decreased.
Consequently, the simulated flagellate levels reach their annual minima in fall and winter. The
diatom assemblages show less seasonal variability. Their amplitude remained low throughout
our simulations, gradually increasing until the early winter. This low pattern could be partly
confined to the changes in the nutrient molar ratios and the absence of adequate conditions for
diatom growth (relatively high nutrient concentrations and low water temperatures [487, 508]
(discussed in next section).

5.6.2 Response of phytoplankton to nutrients and environmental factors
variations

Nutrients availability appeared to be the main factor controlling the phytoplankton distribution
in Moroccan Atlantic coastal waters where the upwelling events are strong (e.g., [21, 156, 417].
In this context, our findings reveal a sign of nutrient depletion, supporting the claim that the
phytoplankton dynamics in the area may be controlled by the annual variation in nutrients. This
is particularly relevant for NO3, as the simulated concentrations drops to low levels (0.0001
mg/L) during the first flagellate bloom (early spring). This low concentration can be designed as
an index of limitation for fast photosynthesis in coastal waters [241]. Furthermore, the average
N:P ratio was lower than the classical Redfield ratio of 16:1 (N:P = 0.4), suggesting that most
of the available nitrogen has been incorporated by flagellate into the local biogeochemical cycle
and move the coast towards nitrogen limitation. The low N:P ratio could be then attributed to
the higher nitrogen uptake by the flagellate dominated blooms in the study area; the injection of
phosphorous into the surface waters caused by the upwelling of deep Atlantic waters or to the
faster recycling of phosphorous relative to nitrogen in the surface coastal waters. Furthermore,
although NO3 is recognized to be rapidly exhausted in upwelling filaments, the nutrient-rich
water upwelled off North-West Africa [50] is advected offshore at the surface layers as showed
by the relatively high nutrient concentrations in the offshore waters [391]. The exhaustion of
nitrogen to the analytical limit during phytoplankton blooms has been previously detected in
Cape Ghir during the three cruises (June, August and October 2009). In these cruises, NO3
concentrations were close to the detection limit and inorganic N:P ratios were lower than 6
[21]. In addition, this notion of the primary production growth being nitrogen limited has been
reported by various investigators in many areas of the North Atlantic Ocean (e.g.,[14, 166, 396]).
By contrast, the distribution of flagellates is less sensitive to the low phosphate concentrations
(0.003 –0.014 mg/L) due to their ability to secrete alkaline phosphatase in response to limited
phosphorus availability (e.g., [86, 257, 509, 510]. Meanwhile, the relative larger size of flagellates
when comparing to diatoms makes it more adapted to take advantage of PO4, mainly delivered
from the Atlantic Ocean via coastal upwelling events [265].On the other hand, it is interesting
to note that the high simulated concentrations of SiO4 (between 0.008 and 0.075 mg/L) in
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comparison with NO3 and PO4 lead to stoichiometric P impoverishment relative to Si (Si:P ratios
> 16:1) [349] and strong deficiency of N relative to Si (N:Si ratios < 1:1) [369] in our station. These
findings illustrate the preferential uptake of NO3 by phytoplankton and suggest that SiO4 is not
limiting factor in the surface waters of the study area. Nutrient ratios and levels cannot account
alone for phytoplankton distribution as environmental parameters are fundamental factors in
shaping the distribution of diatoms and flagellates in the study areas.

Temperature is assumed to have an indirect effect on the phytoplankton dynamics, affecting
the processes of sinking, grazing, and nutrient assimilation as well as the rate of biochemical
reactions in water column [421]. However, spatial distribution of simulated and satellite SST (Fig.
5.3) with a narrow band of cold waters in the nearshore area confirms the influence of the cold
upwelling filament off North-West Africa [32, 391]. Previous studies (e.g., [21, 335, 484] pointed
out the permanent coastal upwelling off Cape Ghir (31N) with maximum intensity in summer.
This filament propagates more than 100 km offshore associated with a cyclonic eddy, mainly
influenced by the local bottom topography, the concave configuration of the coastline and the
presence of the Canary Islands (e.g., [50, 192, 352, 352, 391]).

The analysis of the horizontal and vertical ("CO" transect) residual velocities calculated by
averaging the transient velocities at each grid point over the simulation period (from January-
2017 to December-2018) reinforces these findings (Fig. 5.12). Thus, the south-west/north-east
orientation of the coast and the differences in the bottom friction affect residual current velocity
and induce a coastal cyclonic eddy, typical of this region. Cyclonic eddy tend to increase NO3 and
PO4 concentrations in the central parts of the coast during the summer period, thereby controlling
the phytoplankton growth in the area (Fig. 5.7, 5.9). Temporal distribution of simulated SST
shows seasonal variations with fluctuations ranging from 16.82 °C in March to 21.30 °C in August
2017. In situ SST measurements have reported a wider range of SST variation, from 14.9 °C
in February 2016 to 26.6 °C August 2017 [244] compared to the other areas as Imessouane Bay
(Southwest, Moroccan Atlantic coast) (19.2 °C to 21.9°C) [19].Furthermore, it is interesting to
note that in our station, phytoplankton blooming produced by rapid growth of flagellates is most
common in the early spring and summer when SST is increasing. After spring, flagellates biomass
declined rapidly while that of diatoms continued to increase (Fig. 5.10).Warming temperatures
resulting in inorganic nutrients decline levels as a consequence of intense stratification can
explain in part the persistence of flagellates at higher levels than diatoms, which are still present
in our station during summer but with low biomass [415]. Diatoms ability to grow well at low
water temperature [49]; witness the fact that they start growing in the early winter reaching a
maximum in December. This can be also attributed to the optimal water temperature range for
the growth of diatoms (15–20°C for S. costatum) compared to that for flagellates (20–27°C for P.
donghaiense) [431, 489].

Besides water temperature, salinity can strongly influence phytoplankton composition and
biomass. Previous studies (e.g., [43, 201, 292] have endorsed the tight relationship between
salinity level and phytoplankton dynamic. In our study, the range of simulated SSS values (36.23
– 36.56 psu) were indicative of the influence of North Atlantic Central West Water [21]. When
compared to other Atlantic Moroccan areas, the range for in situ SSS is narrower than that
simulated by our model. Minimum value of 31.26 psu (February 2017) and a maximum value of
37.9 psu (August 2017) was observed in Taghazout Bay [244]. The range between 36.1 and 36.8
psu were observed in Imessouane Bay [19]. This could explain the dominance of large flagellate
that may result from the salinity optimum for flagellates (36.7–37.7 psu for P. arcuatum) [412]
(20–37 psu for A. minutum) [187]. It is consistent with other studies (e.g., [328]) showing that
flagellates dominate marine brackish salinities but diatoms are able to persist at hypersaline
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waters.In addition, changes in ambient DO concentrations could also a main factor considered to
affect phytoplankton distribution and composition [58, 325, 422]. From our simulation, it can be
observed that the horizontal distribution of phytoplankton is similar to that of DO concentrations.
A strip of high sea surface phytoplankton simulated in the central part of the coast during
the summer period coincides well with the DO maximum concentrations (Fig. 5.5e).Vertically,
nutrients are depleted in the surface water column and an enrichment of DO is simulated (higher
than 8.5 mg/L), with a sharp decrease to the bottom (less than 2 mg/L).

From these findings, Agadir waters are relatively well oxygenated compared to Taghazout Bay
(6.9 – 8.5 mg/L) [244]. Overall, the relatively high DO concentrations can be mostly attributed
to the important circulation of water [27] that improves oxygen levels inside the coast and the
photosynthetic release of oxygen by the high flagellate blooms.

Figure 5.12: Residual current velocity distribution over surface (a) and depth "CO transect" (b)
layers (ms−1) in Agadir coast (average of model velocities from January-2017 to December-2018)).

5.7 Conclusion

To our knowledge, this paper is the first biogeochemical modeling investigation of the of south-
ern Moroccan Atlantic coast (Agadir coast) using a high-resolution three-dimensional coupled
hydrodynamic-biogeochemical model. Special emphasis was dedicated to deciphering of plank-
tonic assemblages (Chl-a, diatoms and flagellates) dynamics, in response to physicochemical fields
(water temperature, salinity and DO), inorganic dissolved nutrients (NO3,PO4andSiO4) avail-
ability. The model performance was investigated by comparison with satellite products (ODYSSEA
for SST and MODIS for Chl-a) and climatology data (WOA2018). Despite aforementioned bias
in temporal distribution of SSS and DO which is probably attributed to missing processes and
some gaps in the hydrological cycle of the atmosphere model; It is undisputed that our model
reveals an adequate reproduction of spatial pattern of SST and seasonal signature of SST, Chl-a
and PO4. Furthermore, the underestimation of the simulated NO3 concentrations is likely a
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result of applied nutrient boundary conditions. From nutrient concentrations and stoichiometric
ratios; it can be asserted that the NO3 levels may be the key element controlling phytoplankton
distribution in the Agadir coast. The possible injection of nutrients through upwelling filaments
associated with a cyclonic eddy could be responsible for the nutrients enrichment in the surface
layers of water column; improving, therefore, proliferation of phytoplankton in the central part
of the coast in summer and toward the open ocean in winter.Biological variables reveal the
largest responses to nutrient levels and environmental parameters with high seasonal variability.
The flagellates dominated total Chl-a in the upper layers of water column during spring and
summer periods were coincident with warming water temperatures, higher salinities, intense
stratification and lower nutrient (NO3 and PO4) concentrations. Whereas considerable increased
in diatoms biomass has been simulated after summer in response to lower water temperature
and higher SiO4 concentrations. This has major repercussions for the flow of carbon in the area,
as flagellates dominated phytoplankton assemblages contribute to low carbon export to deeper
waters compared to diatoms [126]. In sum, the proposed 3D hydrodynamic-biogeochemical model
can be considered to be an interesting descriptor of the biogeochemical behaviour of Moroccan
Atlantic coastal waters. Even if it is able to simulate reasonably seasonal cycles of inorganic
dissolved nutrients and Chl-a further work is still needed to improve system representation.
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As the first step toward our final goal to provide a decision support tool for coastal manage-
ment of North-West Africa (Moroccan Atlantic coast).

First, the emerging trend of coastal science in Moroccan Atlantic coast was explored
using bibliometric analysis in conjunction with network analysis. 1952 documents were analyzed
to describes qualitatively and quantitatively the progress, trends, and hotspots of publications,
between 1971 and 2021. Next, science mapping approach was used to explore the emergence of
research literature on water quality modelling applications within the Atlantic area published
from 1981 to 2021.

A database of 1952 potentially relevant publications (2548 individual modelling applications)
were analyzed to document the general research trend and identify the most frequently applied
model, the water body types as well as the areas within which models were mainly applied.
Afterwards, 3D hydrodynamic-biogeochemical model of Agadir bay was set up to understand the
dynamics that control nearshore water quality. To model all of the complex features in the area
accurately, the extended model was refined to a high resolution of 500 m.

The hydrodynamic model was externally derived by meteorological data, tidal oceanic forcing
and boundary conditions of Agadir bay. It was used to calculate SSL, harmonic tidal constituents
and physical factors. The model was included with the injected mass of tracers using Lagrangian
transport model and used to calculate RT and estimate the pathway of passive tracers. The
pre-computed scalar transport and boundary conditions from the hydrodynamic solution were
then used to conduct biogeochemical calculations in an offline coupled mode. The model was
used to explore the time-space patterns in the dynamics of physico-chemical parameters and
nutrient limitation on phytoplankton growth. The refined model was calibrated and validated
using a combination of available in-situ measurements, satellite products, climatology and ARGO
floats data. However, it was clear that the available data were limited and more surface drifters
and current speeds and directions as well as phytoplankton biomass are required for any more
comprehensive model calibration and validation study in the future.
The main conclusions drawn from this study can be summarised as follows:
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1. The analysis of research trend of coastal science in Moroccan Atlantic coast suggests that fu-
ture scientific effort on Moroccan Atlantic coastal ecosystems should relieve existing biases
by increasing multidisciplinary integrated system research and encouraging inter-regional
transfer of research resources to areas of low research effort, with a special emphasis on
the critical research ecosystems in the southern coastline. Some key recommendations were
raised for strengthening the implementation of knowledge management within the concept
of sustainable coastal management.

2. The analysis of 1952 publications (2548 individual modelling applications) provides a
holistic picture of the water quality modelling applications within the Atlantic area. Main
findings highlighted an upward trend in number of publications during the past two decades.
SWAT (semi-empirical modeling frame-works) was by far the most often used model. A
great number of modelling applications have located in the Northwest and Northeast
Atlantic, mostly the United States of America, most of them addressed watershed system.

3. Implementation of the 3D hydrodynamic-biogeochemical model has led to a comprehensive
description of the ecological behavior of a subtropical bay (Moroccan Atlantic coast). The
simulations improved our understanding of the way the hydrodynamics and different
environmental forcing may influence the dynamics of nutrient and the limitation of N and
P on phytoplankton growth in Agadir bay.

4. Despite some discrepancies on MOHID implementation, model accuracy revealed a good
match between simulations and observations, which underlines the feasibility of the model
in simulation the main dynamic features of the Agadir bay.

It worth noting that the optimal use of the model requires continuous testing and calibration
with assimilation of the relevant data as they become available. With the understanding in
hydrodynamics and biogeochemical variation, the model can also be used to understand the fate
and transport of emerging contaminants and identify the potential sources of pollution in the
area.
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Table 7.1: Model equations.

Variable Description Units
Flagellates

dFla / dt=
(
µ f − r f − ex f −m f ) ·Fla−G f

µ f Grossgrowthrate 1/d

r f Totalrespirationrate 1/d

ex f Excretionrate 1/d

m f Naturalmortalityrate 1/d

G f Grazingrate mgC/l. d−1

Diatoms

dDia / dt=
(
µd − rd − exd −md) ·Dia−Gd

µd Grossgrowthrate 1/d
rdTotalrespirationrate 1/d

exd Excretionrate 1/d

md Naturalmortalityrate 1/d

Gd Grazingrate mgC/l. d−1

Mesozooplankton

dZoo / dt=
(
µz − rz − exz −mz) ·Zoo−Gz

µz Grossgrowthrate 1/d

rzTotalrespirationrate 1/d

exz Excretionrate 1/d

mz Naturalmortalityrate 1/d

Gz Grazingrate mgC/l. d−1

Ciliate

dCil / dt=
(
µc − rc − exc −mc) ·Cil−Gc

µc Grossgrowthrate 1/d

rcTotalrespirationrate 1/d

exc Excretionrate 1/d

mc Naturalmortalityrate 1/d

Gc Grazingrate mgC/l. d−1

Ammonia (N H4)
dNH4

dt
=

[
f f
inorg

(
ex f + r f

)
·α f

N:c −β
f
NH4 ·µ f ·α f

N:C

]
·Fla

+
[

f d
inorg

(
exd + rd

)
·αd

N:C −βd
NH4 ·µd ·αd

N:C

]
·Dia

+
[

f z
inorg

(
exz + rz) ·αz

N:C

]
·Zoo

+
[

f z
inorg

(
exc + rc) ·αc

N:C

]
·Cil

+KDON
min · DONr +KDONnr

min · DONnr

+ f f
orgP ·KPON

dec · PON −Knit ·NH4

fX
inorg Fractionof inorganicmate− –

rial excreted by X

αX
N:c Nitrogen/Carbonratio mgN/mgC

βX
NH4 Ammoniapre f erence f actor –

KDONr
min DONrmineralizationrate 1/d

KDONnr
min DONnrmineralizationrate1/d

fX
orgP Fractionof PONavailable –

for mineralization

KPON
dec PONdecompositionrate 1/d

Knit Nitri f icationrate 1/d

Nitrite (NO2)
dNO2

dt
= Knit ·NH4−Knit ·NO2 Knit Nitri f icationrate 1/d

Nitrate (NO3)

dNO3
dt

=−
(
1−β f

NH4

)
·α f ·µ f · Fla

−
(
1−βd

NH4

)
·αd ·µd · Dia

+Knit · NO2 −Kdnit . NO3

β
f
NH4 Ammoniapre f erence f actor–

Knit Nitri f icationrate 1/d

Kdnit Denitri f icationrate 1/d
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Particulate Organic Nitrogen (PON)
dPON

dt
=

[(
1− f f

inorg

)(
1− f f

orgD

)(
ex f +m f

)]
·a f

N:C · Fla

+
[(

1− f d
inorg

)(
1− f d

orgD

)(
exd +md

)]
·αd

N:C · Dia

+
[(

1− f z
inorg

)(
1− f z

orgD

)(
exc +mc)] ·αc

N:c · Cil

+ (
δc

N +ϕc
N

) · Cil

+
[(

1− f z
inorg

)(
1− f z

orgD

)(
rz +mz + pz)] ·αz

N:c · Zoo

+ (
δz

N +ϕz
N

) ·Zoo

− (
1− forgP

) ·KPON
dec ·PON

− forgP ·KPON
dec ·PON

fX
inorgFractionof inorganic –

material excreted by X

fX
orgDDissolvedorganic –

fraction excreted by X

αX
N:C Nitrogen/Carbonratio mgN/mgC

δY
N Non −

assimilatedmaterialbyY
1/d

ϕY
N Stoichiometric f oodweblosses 1/d

forgP Fractionof PONavailable –
for mineralization

·KPON
dec PONdecompositionrate 1/d

Dissolved Organic Nitrogen Non Refractory (DONnr)
dDONnr

dt
=
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