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Summary

Moroccan plains play a major role in the agricultural production of the country, accounting for a

third of utilized agricultural land and two thirds of the irrigated areas of the country. However, the

increasing droughts and water shortage risks raise a real challenge for sustainable water management

in such vulnerable regions. An accurate modeling of the near surface climate is critical to understand

and anticipate the climate change in the plains and their potential impacts on the region’s water cycle

and resources.

The aim of this thesis is two fold: i) to evaluate and improve the modeling of the physical processes

governing the surface climate and the water and energy budgets over the Moroccan agricultural plains,

and ii) to conduct a critical assessment of future climate projections over the North African region and

more particularly over the Moroccan plains. To this purpose, we use the LMDZ-ORCHIDEE model,

the atmosphere-land surface component of IPSL-CM (The Institut de Pierre Simon Laplace Coupled

Model). An original conőguration has been set-up - leveraging the ‘zooming capability’ of LMDZ -

with a global grid locally reőned over the Haouz plain in Marrakech region and with the large-scale

dynamics nudged to follow reanalysis outside of the zoomed area.

The őrst part of this work consists of performing a thorough evaluation of LMDZ-ORCHIDEE

in representing the surface-atmosphere interactions using in situ measurements collected over the

Haouz plain. Sensitivity experiments are performed with adapted land cover to make more robust

model-observation comparison. Results show that LMDZ-ORCHIDEE - with the CMIP6 version of

its physics - reasonably represents the plain’s near surface climate. However, a nocturnal warm bias as-

sociated with underestimated sensible heating and wind speed has been identiőed and partly corrected

by prescribing more realistic roughness heights. An underestimation of the evapotranspiration and

soil moisture along with overly warm diurnal temperatures remain in our simulations. A őrst-order

irrigation parameterisation has then been implemented in ORCHIDEE to mimic the drip irrigation

process extensively used in the plain. Comparison with observations show that the evapotranspiration

ŕux and the daytime temperature biases are reduced, suggesting that irrigation plays a signiőcant role

in determining the local climate in the agricultural őelds.

In the second part, we assessed the response of the different terms of the surface water budget to

climate change over the Mediterranean basin and North-Africa. An in-depth analysis using selected

CMIP6 models is carried out, and suggests a statistically robust ampliőcation of the drying over

the Mediterranean and an increasing precipitation pattern over Sahara, counterbalanced by increasing

evaporative ŕux. Compared to the CMIP5 exercise, CMIP6 models show qualitatively similar patterns

but generally predict more intense changes in precipitation and evapotranspiration over the Mediter-

ranean basin and South-Eastern Sahara, especially during winter. To reőne the projections over the

Moroccan agricultural plains, we then run a new simulation with LMDZ-ORCHIDEE conőguration

- with a łzoomž over the Haouz plain - in which wind and temperature őelds outside Morocco are

nudged towards a CMIP6 SSP5-8.5 Shared Socioeconomic Pathway. This simulation shows a warm-

ing of 4K by the end of the century over the plain with the high-end scenario, as well as a decrease in

soil moisture and latent heat ŕux following the decrease in precipitation by 30%. Sensitivity studies
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suggest that irrigation can potentially mitigate by 1K the climate change-induced warming and reduce

the Bowen ratio as a result of enhanced soil moisture, emphasizing the importance of accounting for

the irrigation in climate projections over the Moroccan agricultural areas.

Key words: General Circulation Model, Land-atmosphere interactions, Morocco, Climate change,

Irrigation, In situ data.
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Résumé

Les plaines Marocaines jouent un rôle majeur dans la production agricole du pays, représentant ainsi

un tiers des terres agricoles et deux tiers des zones irriguées du pays. Cependant, la fréquence

croissante des sécheresses constitue un déő majeur pour la gestion durable des ressources en eau, en

particulier, dans ces régions vulnérables. Correctement représenter le climat de surface au Maroc

dans les modèles de climat est fondamental pour prédire les effets du changement climatique sur les

ressources en eau dans cette région.

L’objectif de cette thèse consiste en deux volets: i) évaluer et améliorer la représentation des

processus physiques qui gouvernent le climat de surface et le bilan d’eau et d’énergie dans la plaine

du Haouz, située à la région de Marrakech. ii) Mettre en place des projections futures őables dans

l’Afrique du Nord et plus particulièrement dans les plaines Marocaines. Ainsi, nous utilisons la

composante LMDZ-ORCHIDEE du Modèle Couplé de l’Institut Pierre Simon Laplace (IPSL-CM),

dont le modèle atmosphérique LMDZ est couplé au modèle de surface continentale ORCHIDEE. Une

conőguration originale a été mise en place, en bénéőciant de la łcapacité du zoomž du LMDZ, avec

une grille globale raffinée autour de la plaine du Haouz, et la dynamique à grande échelle forcée à

suivre les réanalyses à l’extérieur de la zone zoomée.

La première partie de ce travail est consacrée à la mise en place d’une évaluation approfondie du

modèle LMDZ-ORCHIDEE dans la représentation des interactions surface-atmosphère en utilisant

des mesures sur site collectées dans la plaine du Haouz. Des expériences de sensibilité sont menées

avec un couvert végétal adapté aőn de permettre une comparaison modèle-observation plus robuste et

concluante. Les résultats montrent que le modèle -avec sa physique standard du CMIP6- représente

raisonnablement bien le climat de la surface dans la plaine. Cependant, un biais chaud de température

nocturne, associé à une sous-estimation de la chaleur sensible et de la vitesse du vent a été identiőé

et partiellement corrigé en prescrivant des hauteurs de rugosité plus réalistes. Une sous-estimation

de l’évapotranspiration et de l’humidité du sol, accompagnée des biais chauds de la température

diurne ont été également identiőés dans nos simulations. Ainsi, une paramétrisation du premier ordre,

visant à imiter l’irrigation dans la plaine, est développée en ORCHIDEE. Les résultats montrent une

réduction des biais de l’évapotranspiration et de la température diurne. Par conséquent, cette étude

de sensibilité souligne le rôle majeur qu’occupe l’irrigation dans la régulation du climat local dans les

champs agricoles.

Dans la deuxième partie, nous avons étudié la réponse de l’hydrologie de surface au changement

climatique dans le bassin Méditerranéen et l’Afrique du nord. Une analyse approfondie des modèles

CMIP6 montre un assèchement intense à la Méditerranée et une augmentation des précipitations au

Sahara, cependant, celles-ci sont compensées par l’augmentation de l’évapotranspiration. Une étude

de comparaison à CMIP5 montre des résultats qualitativement similaires avec des changements moins

intenses qu’en CMIP6, en particulier pendant l’hiver. Pour raffiner les projections sur les plaines

agricoles Marocaines, nous avons mis en place une conőguration LMDZ-ORCHIDEE zoomée sur la

plaine du Haouz, dont les champs de vent et de température sont guidés à l’extérieur du Maroc vers

une simulation globale CMIP6 bien choisie suivant un scénario SSP5-8.5. Les projections montrent
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un réchauffement de 4K sur la plaine, ainsi qu’une diminution de l’humidité du sol et du ŕux latent

suite à une diminution des précipitations par 30%. L’irrigation atténue le réchauffement induit par

le changement climatique et réduit le rapport de Bowen suite à l’augmentation de l’humidité du sol,

soulignant ainsi l’importance de la prise en compte de l’irrigation dans les simulations climatiques

sur les zones agricoles Marocaines.

Mots clés: Modèle de circulation générale, Intéractions surface-atmosphère, Maroc, Changement

Climatique, Irrigation, Données in situ.
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Note to the reader

This manuscript is organized around two published articles (chapters 4 and 5) of the thesis. The

published papers have been reported in their accepted versions and have been inserted as a whole.

Consequently, repetitions between chapters can be noticed while reading but they are necessary for

the self-consistency of each article. Each paper is introduced with a chapter introduction that explains

how the article őts in the structure of the whole manuscript.

Note that, unless otherwise indicated in the text, the data processing and analysis, the run and

analysis of model simulations as well as the code development in the model have been made by the

author.
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CHAPTER 1. INTRODUCTION

1.1 Climatological and socio-economical context of a changing

Morocco

Since the middle of the 20th century, there have been noticeable and continuous warming trends over

the Middle East and North Africa (MENA), with more warm days and nights, and higher extreme

temperature values (Donat et al. (2014)). Figure 1.1, from the last Intergovernmental Panel on Climate

Change (IPCC) report (IPCC (2021)), shows signiőcant rising trends in observed annual mean surface

temperature over Africa from 1961 to 2015 and over 0.1 °C per decade over Northern Africa and the

Mediterranean basin according to the Berkeley Earth and CRU TS datasets (Gutiérrez et al. (2021)).

During the 1961ś2015 period, the rate of surface temperature increase over northern Africa has been

faster by more than 0.1°C compared with the global average, mainly explained by anthropogenic

climate forcing (Gutiérrez et al. (2021)).

Figure 1.1: Figure Atlas 11 in IPCC (2021). Observed linear trends of signals in annual mean surface
air temperature in the Berkeley Earth (a) and CRU TS dataset (b). Trends (°C per decade) correspond
to 1961ś2015 mean with respect to climatological period. Regions with non-signiőcant trends (at
a 0.1 signiőcance level) are marked with crosses. The black outlines delimit the reference regions
deőned in Atlas.1.

Morocco, with its geographic position, has a climate inŕuenced by the north Atlantic large-scale

circulation, the Sahara desert, the Mediterranean Sea and the Atlas and Rif mountains (Knippertz

(2004); Driouech et al. (2009); Filahi et al. (2017); Driouech et al. (2021)). The latter block sea

breezes from moving across the continent while preventing hot and dry winds from the south and

east from reaching the coast (Filahi et al. (2017)). Consequently, a wide range of climate patterns

characterize the country’s climate, from humid and sub-humid climate on the northern part of the
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CHAPTER 1. INTRODUCTION

High Atlas to semi-arid and dry climates south of the Atlas (Born et al. (2008); D.G.M (2023)) (Figure

1.2), with northern and western areas of the Atlas Mountains dominated by winter precipitation, while

the southern areas receive substantial contributions to their yearly precipitation from summertime

rain frequently linked to the development of deep moist convection over the High Atlas Mountains

(Knippertz et al. (2002, 2003); Born et al. (2010)). Precipitation occurs mainly from October to

March with signiőcant spatio-temporal variability (Figure 1.3.a) (Driouech (2010); Xoplaki (2002)),

with higher total amounts localized mainly in the north and highlands (>700 mm yr−1) compared

to southern and south-eastern areas (< 100 mm yr−1) (Driouech et al. (2021)). Rainfall in Morocco

is characterized by recurrent droughts, with a series of dry years since the late 1970s (Knippertz

et al. (2002)). Below average periods ranging from 1 to 4 consecutive years have characterised the

80s, with the 1999ś2002 being the largest deőcit period, followed by the 1992ś1994 (Driouech et al.

(2021)), and by 2019-2022 according to the last report from the Moroccan General Directorate for

Meteorology1 (Figure 1.3.c). The Atlas Mountains, considered as the Haouz region’s ’water tower’

(Chehbouni et al. (2008); Zkhiri et al. (2019)), registered a substantial reduction in the amount of

rainfall and snowfall from 1990 to 2007 with a reduction of about 200 mm (Figure 1.4).

Figure 1.2: Moroccan climate types according to the Koeppen-Geiger classiőcation based on in-situ
parameters covering the period 1981-2010. As the name of cities is barely visible, we indicate the
location of Marrakech, Casablanca, Rabat, Agadir and Laayoune with the letters M, C, R, A and L
respectively. (Adapted from D.G.M (2023))

1https://www.marocmeteo.ma

13



CHAPTER 1. INTRODUCTION

The annual mean temperature in Morocco varies generally between about 11 and 21 °C, with the

minima recorded in mountainous regions and the maxima in the southern zone (Driouech et al. (2021)).

Morocco has already experienced warming patterns over the past century, Driouech et al. (2021) found

that daily temperatures hold a trend of 0.33°C/decade for the period 1984-2016, resulting in more

frequent and intense heatwaves. Filahi et al. (2016) showed that the past 4 decades (1970-2012) hold

signiőcant increase in the number of warm days and nights, and a signiőcant decrease in the number

of cold days and nights with the last two decades being the top 10 warmest years (Driouech et al.

(2021)). The 2022 year was the hottest year on record in Moroccan history (Figure 1.3.b), it registered

an annual mean anomaly of +1.63°C above the 1981-2010 average and 80% of the days of the year

were above normal (D.G.M (2023)).

(a)
(b)

(c)

Figure 1.3: a) Spatially distributed average annual rainfall totals during the period 1991-2020. Time
evolution of observed annual temperature (b) and precipitation (c) in Morocco. The red line represents
the 1981-2010 average. (Adapted from D.G.M (2023)))

According to previous studies (Hurrell and Van Loon (1997); Nicholson and Kim (1997); Ward

et al. (1999); Knippertz et al. (2002)), the observed droughts since 1970s in Morocco are attributed

to the North Atlantic Oscillation (NAO) positive phase, as well as the El Nino-Southern Oscillation

(ENSO) pattern. The NAO is a large-scale shift in the pressure difference between the Azores

high surface pressure and the Icelandic subpolar-low surface pressure (Lamb and Peppier (1987)).

Morocco’s winter precipitation is inversely related to the NAO such that negative values of the NAO

result in a strong westerly ŕow over Morocco that leads to to milder and wetter winters (Lamb and

Peppier (1987); Hurrell and Van Loon (1997)). Besides, it is shown that the ENSO variability, by its

impact on tropical convection, may affect the Moroccan climate (Born et al. (2010)). Indeed, high

SSTs with increased tropical convection in the central and eastern Paciőc, induce a reorganization of

the atmospheric, tropical, east-west Walker circulation, therefore, impacting the tropical Indian and

the Atlantic Oceans. Thus, extratropical teleconnections can shift as a result of the ENSO’s inŕuence
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on tropical convection, and then affect Moroccan climate (Born et al. (2010)).

The increased aridity, deőned as the balance between the water supply (precipitation) and the po-

tential evapotranspiration (ET) (Berg et al. (2016)), in Morocco threatens the agricultural productivity

and alters the planting seasons. Morocco, as most of African and Mediterranean countries, largely rely

on agriculture for food and income (Waha et al. (2017)). This sector accounts for 14-20% of Morocco’s

Gross Domestic Product (GDP) and employs about 40% of its workforce with 78% of employment in

rural areas (Saidi and Diouri (2017)). The agriculture in Morocco is the largest sector using water,

with over 85% consumed annually (Srairi (2017); CESE (2021)). In fact, the renewable water volumes

in several of the country’s water basins are already fully utilized (Agoumi and DEBBARH (2006)).

To overcome the growing water demand and its over-exploitation risks, Moroccan authorities started

encouraging the adoption of drip irrigation instead of farrow systems (Srairi (2017)). However, the

őnancial capacity of farmers can limit their access to necessary irrigation materials, thus, the access

to deeper boreholes which increases in depth with recurrent droughts (Ameur et al. (2017)).

General Circulation Models (GCMs) are essential tools in characterizing the climate variability

and identifying interactions between the atmospheric circulation, the land surface processes and the

ocean currents (Forster et al. (2021)). They have a key role in detecting the associated risks of climate

patterns such as the intensiőcation of heatwaves, thunderstorms and precipitation extremes. Therefore,

GCMs serve as a prevention tool for characterizing and predicting climate drivers and then, assessing

the climate projections.

Figure 1.4: Variations in annual rainfall (blue curve), snowfall (grey) and total (black) measured at
the Oukaimden station (3239m altitude) in the High Atlas between 1988 and 2008. (Figure adapted
from Boudhar (2010)).
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1.2 Anticipating a projected extreme water stress

The atmosphere’s composition has been altered due to human activity since the mid of the 20th

century, consequently, the Earth’s energy balance has been modiőed and resulted in increasing surface

temperature that is projected to intensify by the end of the 21st century (IPCC (2021)).

Scenarios realized in the framework of the Coupled Model Intercomparison Project (CMIP) exer-

cises have emphasized that North Africa, and notably Morocco, are considered a global hot spots for

drought by the end of the twenty-őrst century (Dai (2013); Orlowsky and Seneviratne (2013); Sillmann

et al. (2013); Prudhomme et al. (2014); Waha et al. (2017); Schilling et al. (2020)). Models from

the CMIP5 and CMIP6 project continued warming over African continent, with median projected

regional warming of between 1°C and 2°C by 2080ś2100 with reference to 1995ś2014 under the

SSP1-2.6/RCP2.6 scenarios (IPCC (2021)). In particular, summer mean temperatures are projected

to exceed 6°C shift by the end of the tweny-őrst century with respect to the period 1970ś2000 accord-

ing to CMIP6, CMIP5 and the Coordinate Regional Downscaling EXperiment (CORDEX) climate

models (Schilling et al. (2012); Ozturk et al. (2017); Almazroui et al. (2020)). In the Mediterranean

basin, temperature increase over land will range to about 0.9 to 1.5°C and about 3.7 to 5.6°C under the

RCP2.6 and the RCP8.5 respectively by the end of the 21st century, exceeding the global average by

20% (Figure 1.5) (MedECC (2020)). Driouech et al. (2020) showed increasing heat waves number,

duration and magnitude with a projected warming ranging from 0.2°C to 0.5°C per decade over land

in western MENA region along the Mediterranean. The average maximum temperature during the

hottest days is expected to increase from 46 °C by the middle of the century to about 50 °C by the

end of the century over the MENA under the RCP8.5 (Lelieveld et al. (2016)). According to CMIP6

projections, Morocco’s annual near surface temperature could increase to reach up to 6°C of increase

by the end of the century (2070ś2099) with respect to the historical period (1980ś2009) under the

SSP5-8.5 and around 3°C of increase under the SSP2-4.5, with increased warmest annual tempera-

tures mainly concentrated over the Southern and the Eastern parts of the country (Filahi et al. (2017);

Bouramdane (2022)).

Both IPCC Assessment Reports AR5 and AR6 project future intensiőcation of the global water

cycle, which manifests in increasing global and continental precipitation, PśE and runoff, with the

increasing magnitude of change as the radiative forcing increases (Douville and John (2021)). Despite

the higher uncertainties and variations between climate models, northern Africa, the Mediterranean

and the Middle East are a hotspot for droughts due to Greenhouse Gas (GHG) forcing (Douville and

John (2021); IPCC (2021)). The Mediterranean region’s annual precipitation over land is projected to

decrease by about 4% per degree of global warming by the end of the twenty-őrst century (relative to

the reference period 1980ś1999) given a range of global warming of 0.9ś5.6°C (Cherif et al. (2020)).

Prudhomme et al. (2014) projected more than 50% rise in the frequency of drought by 2070ś2099

relative to 1976ś2005 and Orlowsky and Seneviratne (2013) reported that the moderate drought con-

ditions are likely to occur at least six months per year in 2080ś2100 under the RCP8.5 scenario in the

same region.

16



CHAPTER 1. INTRODUCTION

Consistently with the whole region, total annual precipitation amounts in Morocco are also pro-

jected to decrease by up to 20% in the major part of the country with a slight increases in the Sahara,

where total rainfall per year is is extremely low (Driouech and ElRhaz (2017)). Tramblay et al. (2018)

showed that potential evapotranspiration is projected to increase by up to +11% for the 2036ś2065

period and up to +14% for the 2066ś2095 period relative to the historical period (1976ś2005) under

the RCP4.5 scenario over the Maghreb region as a response to temperature increase. Nevertheless, the

projected changes in actual evapotranspiration follow the precipitation signal and vary between -10 to

-35% in the same region (Tramblay et al. (2018)). Then, the surface runoff hold signiőcant projected

decrease from about 9% at 1.5K warming level to 17% at 2K (Schleussner et al. (2016); Donnelly

et al. (2017)). Soil moisture has declined since the 20th century and is projected to decrease under

all emission scenarios (IPCC (2021)). MedECC (2020) reported a soil moisture drought with up to

16.3% over the Mediterranean region. Therefore, projected dry soils can intensify the aridity, due

to feedbacks with land surface temperature, relative humidity and precipitation (Berg et al. (2016)).

Climate change and desertiőcation have been linked to water shortage (Bayram and Öztürk (2014);

Schwilch et al. (2014); Mohamed et al. (2016)), particularly in regions with extensive dryland areas

such as Morocco (IPCC (2022)). Resulting in excessive use of surface and groundwater resources for

irrigation and industry (Rochdane et al. (2012); Bahir et al. (2020); Choukri et al. (2020); Behnassi

et al. (2021)). The Economic, Social and Environmental Council (CESE) stresses that the resource

potential of natural water in Morocco has fallen from 2600 m3/inhabitant in 1960 to 700 m3/inhabitant

in 2010 and is likely to drop below 500 m3/inhabitant by 2030 (CESE (2014); Behnassi et al. (2021)),

which endangers the food security, nutrition and human health.

In this context, the Modélisation Climatique project is among the growing efforts in Morocco that

aim at advancing the African climate science and particularly the climate modeling branch.
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Figure 1.5: Projected warming in the Mediterranean basin over land. Projected changes in annual
temperature relative to the recent past reference period (1980-1999), based on the EURO-CORDEX
0.11° ensemble mean, A: simulations for pathways RCP2.6 and RCP8.5, B: warming at the end of the
21st century (2080-2099) for RCP2.6, C: idem for RCP8.5. (Figure SPM.2 in MedECC (2020))

1.3 The Modélisation Climatique project

Moroccan climate has been subject of numerous relevant studies that advanced the comprehension of

the country’s climate patterns. For instance, Knippertz et al. (2002, 2003); Born et al. (2008, 2010)

and Driouech et al. (2009, 2010) have explored the historical trends and variability of the Moroccan

climate considering the role of large-scale climate drivers in modulating the seasonal and annual

patterns. Future climate changes in Morocco has also been widely studied under different emission

scenarios (Driouech et al. (2010, 2021); Schilling et al. (2012); Tramblay et al. (2012); Filahi et al.

(2017)). However, most of the studies characterizing Moroccan past and future climate focus mainly

on the atmospheric branch of the hydrological cycle but the complete water cycle remains incompletely

understood. For instance, the soil moisture-climate feedbacks remain less investigated, mainly over

agricultural regions. Despite the extensive use of irrigation in Morocco, the climate studies carried

out have never been accounting for irrigation and the groundwater pumping feedbacks on the water

and energy ŕuxes. Furthermore, there is an increasing need to assess the impact of the present and

future land use changes on local and regional processes.

The Modélisation Climatique project is a collaboration project established in october 2020 between

the Mohammed VI Polytechnique University (UM6P) in Morocco and l’École Polytechnique de Paris

(l’X) in France, that aims to develop a climate model conőguration with advanced capability to

simulate the north African climate in order to set up a regional climate model to support management
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and adaptation to climate change in Morocco and North Africa, and also, to set up a climate modeling

research team within the International Water Research Institute (IWRI) of the College of Agriculture

and Environmental Sciences (CAES) in the UM6P.

The project aims to improve the understanding of water cycle on the continent and assess its

variability and changes using climate modelling. As a őrst step towards improving knowledge of the

continent’s water resources and so helping to decrease its vulnerability.

In particular, the Modélisation Climatique project aim at running LMDZ-ORCHIDEE, the land-surface

atmosphere component of the Institut de Pierre Simon Laplace Coupled Model (IPSL-CM, Boucher

et al. (2020)) that has been historically and actively involved in the ’CMIP’ intercomparison projects,

and whose simulations are analyzed by the Intergovernmental Panel on Climate Change (IPCC) to

produce climate scenarios. Indeed, the project aims to adapting the LMDZ-ORCHIDEE model to

characterize the Moroccan climate variability on the one hand, and to produce reliable future climate

scenarios on the other hand, as a őrst step towards boosting the African climate science through the

development of a Regional Climate Model (RCM) covering the whole of the African continent and

generating reliable climate information to support decision-making and reduce risks.

1.4 The importance and challenge of developing and evaluating

surface-atmosphere coupling parameterizations over semi-

arid plains

The interactions between the land surface and the atmosphere is an important component affecting the

surface climate, as it controls the exchange of energy, moisture and momentum, thus, it can impact the

local weather as well as the climate patterns (Roy and Avissar (2002); Santanello et al. (2018); Gerken

et al. (2019)). The land-atmosphere coupling can be deőned as the degree to which one variable

controls another one (Seneviratne et al. (2010)), for instance, as the solar forcing heats the soil and

vegetation and drives turbulent ŕuxes between the land surface and the atmosphere, the atmospheric

boundary-layer’s (ABL) composition is altered by these energy ŕuxes that drive convective processes

and deepen the ABL (see Figure 1.6) (Jacobs and De Bruin (1992); Jimenez et al. (2014); Gerken

et al. (2019)). On the other hand, soil moisture, surface roughness, albedo, and other biophysical

characteristics of the land surface that vary in response to atmospheric forcing (precipitation, solar

radiation.. etc) modulate in turn the near surface characteristics (temperature, relative humidity and

wind) (Ek and Mahrt (1994); Berg and Sheffield (2019)).
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Figure 1.6: Schematic of land surface-atmosphere interactions. Blue arrows indicate a positive
feedback that leads to an increase of the recipient variable, and red arrows indicate a negative one
(Ochsner et al. (2013))

In recent years, the interactions between the hydrological system and the atmosphere have been

subject of wide research (e.g., Seneviratne et al. (2010); Dirmeyer (2011); Berg et al. (2016); Dirmeyer

et al. (2018); Berg and Sheffield (2019)). The soil moisture, deőned as the amount of water stored in

the unsaturated soil zone (Figure 1.7), is a key variable that controls the land energy and water balances

through its impact on the energy partitioning at the surface especially over semi-arid regions that are

characterized by limited water availability with moisture-limited evapotranspiration (Seneviratne et al.

(2010)). Therefore, in the agricultural areas, irrigation increases the plant transpiration and reduces

the Bowen ratio2 due to the increased latent heat ŕux and decreased sensible ŕux which can inŕuence

directly soil and air temperature (Kueppers et al. (2007); Sacks et al. (2009); Cook et al. (2015)).

Boucher et al. (2004) suggested that irrigation can also affect the regional and global radiative balance

due to the increased atmosphere humidity that alters the longwave radiation uptake. The irrigation

effect can also extend to the atmospheric circulation, Lo and Famiglietti (2013) demonstrated that the

resulting water vapor convergence increases precipitation.

The land surface plays a crucial role in inŕuencing extreme events like droughts and heatwaves

2The Bowen ratio is deőned as the ratio of surface sensible heat ŕux to the surface latent heat ŕux: β =
H

LE
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(Roundy et al. (2013, 2014); Miralles et al. (2014); Wang et al. (2015); PaiMazumder and Done

(2016)) particularly in a changing climate, where such feedback processes may intensify and impact

the water availability and ecosystem resilience (Gerken et al. (2019)). For instance, Ferguson and

Maxwell (2012) reported the critical impact of irrigation in amplifying the effects of climate change

on groundwater storage and stream discharge in semi-arid basins. Hence, realistic representation of

the land-atmosphere ŕuxes and their interaction within the climate system, taking into account the

local water management practices in numerical climate models is a prerequisite for accurate climate

predictability (Ferguson and Maxwell (2012); Dirmeyer et al. (2018); Santanello et al. (2018); Berg

and Sheffield (2019)).

In the irrigated Moroccan plains, accurate parameterization of surface-atmosphere interactions

is fundamental, however it faces several challenges, namely, the highly heterogeneous land surface.

This latter may generate strong horizontal temperature and pressure gradients, due to the differences

in radiative and thermal properties from a location to its surroundings limiting the generalization of

measurements (Segal and rritt (1992); Roy and Avissar (2002); Santanello et al. (2018)). Furthermore,

the horizontal pressure gradients produced by landscape heterogeneities generate strong mesoscale

circulations that can modify the structure of the Planetary Boundary Layer (PBL) (Avissar and

Liu (1996); Roy and Avissar (2002)). Additionally, the limited observational data sets add further

complexity to the land surface-atmosphere parameterization efforts.

Figure 1.7: Overview of the Root zone with the saturated and unsaturated soil layers (Seneviratne
et al. (2010))
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1.5 Thesis objectives and outline of the manuscript

In this introduction chapter, we have outlined the Morocco and north Africa’s vulnerability to climate

change, and the challenging water shortage risks emphasizing the urgent need for adaptive measures.

The latter depend closely on the understanding of the present and future climate processes. Indeed,

a better knowledge of the land-atmosphere coupling and their representation in GCMs are extremely

important to produce accurate future climate scenarios.

Through this thesis, we aim at enhancing our knowledge about the climate of Morocco, with a

particular focus on the surface-atmosphere interactions in the Moroccan agricultural plains. We will

more particularly focus on the Haouz plain in Marrakech region which stands as one of the key pillars

of the country’s agricultural sector and which was equipped with meteorological systems making

process studies and model evaluations possible. Furthermore, we conduct a thorough analysis and

synthesis of the future of surface water hydrology over the Mediterranean and Saharan region using

the newly available CMIP6 GCMs. Through this study, we aim at updating the future projections

documented above, prior to focusing on the Haouz plain to implement a future scenario with the

IPSL-CM land-surface atmosphere components.

Hence, the main objective of the present work is to characterize the physical processes governing

the surface climate and the water and energy balance over the Moroccan semi-arid agricultural plains,

then, to evaluate and improve their representation in the IPSL-CM model and also to assess the climate

future evolution and its sensitivity to the parametrization of key coupling processes.

More speciőcally, the present thesis aims to answer the following questions:

- Question 1: What is the ability of climate models - and more particularly that of IPSL - to

simulate the near surface climate over the Moroccan semi-arid agricultural plain ?

- Question 2: Which processes control the surface energy and water budgets over the Moroc-

can semi-arid agricultural regions and how their parameterization in models are efficient and sensitive?

- Question 3: How surface climate over the Moroccan semi-arid agricultural plains will evolve in

the future and what is the sensitivity of climate scenarios to the parameterization of local processes

driving the surface-atmosphere coupling?

In this manuscript, we őrstly present the Haouz plain geographic and climatic settings with the

meteorological dataset used to evaluate the model (chapter 2). Then, we present the atmospheric

model LMDZ coupled with the land surface model ORCHIDEE of the IPSL-CM Earth System Model

in chapter 3, with the relevant model physics and a brief description of how LMDZ is coupled to

ORCHIDEE. We also present the CMIP6 models and the scientiőc approach followed in character-

izing the future projections over Morocco in the same chapter. Then, chapter 4 presents an in-depth

LMDZ-ORCHIDEE evaluation using in-situ data collected over the Haouz plain. Finally, chapter 5

presents climate projections simulated by GCMs and LMDZ-ORCHIDEE.
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Observational dataset and climate of the Haouz Plain
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"What we observe is not nature itself, but nature exposed to our method of questioning".
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2.1 The Haouz plain

The Haouz plain (8°4’W - 7°5’W; 31°2N - 31°8’N), located at Marrakech-Saő region (Figure 2.1), is

a vast agricultural plain of the Tensift basin covering an area of 6000 km2, stretching approximately

150 kilometers from east to west. The topography is almost ŕat with slopes not exceeding 5%, the

elevation varies from 0 m to the north to about 900 m at the foothills of the Atlas (Ait Hssaine (2019);

Rochdane et al. (2022)). Land use in the Haouz plain consists of a mosaic of various plant categories:

uncultivated crops, farmed grasslands, and sporadic patches of forests (Figure 2.2), with separate

buildings in the eastern and southern parts and around the city of Marrakech. Certainly, it is important

to consider these surface heterogeneities in the analysis since they may skew the model-observations

comparisons, thus, the model sensitivity to the land cover is one of the key points tackled in section

4.2.

The plain is crossed from south to north by several wadis1, which are the main tributaries of two

major rivers, the Tensift River and the Oum Er Rbia River (Diarra (2017)). There are three sources

of water supply in the plain; the őrst one is the river ŕows from the High Atlas that receives high

precipitation amounts as rain or snow (Boudhar et al. (2010); Le Page et al. (2012)), then, large dams

are used to hold water that ŕows down from the mountains, especially during the rainy season, and it

is mostly used to irrigate the plain (Simonneaux et al. (2008)). The second one is the water transfer

from the 118 km long Canal de Rocade (Figure 2.1) conceived since late 70s to ensure water supply

to the city of Marrakech and modern irrigation areas (Kabbaj et al. (1979)). The third one is the

groundwater provided by an heterogeneous aquifer with thickness varying from 20 m at the north

to 120 m at the south of the plain (Le Page et al. (2012)). The groundwater is extensively used

for irrigation in the region, between 2003 and 2006, more than 24000 wells were pumped and the

groundwater depth falls by up to 3 m/year in some areas (Abourida et al. (2009); Le Page et al. (2012)).

The irrigated land counts over 3000 km2, and about 38% of the irrigated lands are utilized for tree

plantations (olive, citrus, and apricot) frequently mixed with an understory of other annuals (wheat or

grass) (Simonneaux et al. (2008); Diarra (2017)).

1Wadi is a commonly used word in Arabic to mean "river". A wadi is a stream which only sometimes reaches its
maximum capacity, usually during and after a thunderstorm (Sen (2008)).

24



CHAPTER 2. OBSERVATIONAL DATASET AND CLIMATE OF THE HAOUZ PLAIN

Figure 2.1: Topography of the Haouz plain (the red border) within Tensift basin (black border) with
piezometer, rain gauge and tower ŕuxes superimposed together with a map showing the groundwater
decrease between 1972 and 2008 calculated from piezometic levels. (Figure from Le Page et al.
(2012))

Figure 2.2: Land use and land cover map of the Haouz Plain on 2011 issued from Landsat-5 TM
satellite image (Figure from Ait El Mekki and Laftouhi (2016))
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2.2 The LMI-TREMA observatory and the meteorological dataset

The Tensift basin was equipped with a meteorological network in the framework of the SUDMED

program (Chehbouni et al. (2003, 2008)). The SUDMED program was conceived in 2002 and intends

to explore the integrated hydrological functioning of the Tensift semi-arid basin in Morocco and

help for sustainable management of water resources in the basin (Chehbouni et al. (2008)). The

Laboratoire Mixte International de Télédetection et Ressources en Eau en Méditerrannée semi Aride

(LMI-TREMA2), based at the Cadi Ayyad University of Marrakech, Morocco, was created in 2011

based on a long-standing partnership between the CEnter for the Study of the Biosphere from Space

(CESBIO) and actors from Marrakech region within the frame of the SUDMED program (Jarlan

et al. (2015)). Several weather stations, rain gauges and ŕux measurements sites have been installed

over the plain since 2002 (Figure 2.1) (Le Page et al. (2012)). Contributing to explore the weather

conditions and the hydrological functionning of the region (e.g., Ezzahar et al. (2007); Abourida et al.

(2009); Le Page et al. (2012); Marchane et al. (2017); Nassah et al. (2018); Zkhiri et al. (2019); Bell

et al. (2022)). In order to construct the evaluation dataset, we conducted a rigorous preprocessing

to sub-hourly observations provided by the LMI-TREMA observatory. Indeed, we quality controlled

the dataset to eliminate the outliers and inconsistencies, identifying and extracting the time intervals

where the data exhibited optimal quality for a maximum range of meteorological, energy budget

and radiation data. This involved also regular interactions with the colleagues within the LMI who

provided valuable insights into the data, facilitating the analysis and interpretation of results.Then,

among the dataset we received, we will mostly focus on the following three sites: Agdal, Agafay,

and R3 (Figures 2.3, 2.4) since they provide both meteorological data, energy and radiation ŕuxes.

The in situ data from these sites will serve for the model evaluation work. Additional data set from

neighbouring stations is brieŕy commented to characterize the region’s climate (section 2.3).

2.2.1 Agdal

Agdal site is a 275 ha olive orchard site located to the south of Marrakech city (7.97390°W;

31.60137°N) (Ezzahar et al. (2007)). Measurements were collected between 2002 and 2004 at

the southern area of Agdal within the olive őelds of 6m high and an average coverage of 55% (Ezzahar

et al. (2007)). For irrigation, each tree is encircled by a tiny earthen levy that collects irrigation water

and directs it manually to each tree through a network of ditches. Approximately 80 mm of water was

used for each irrigation event, starting from the southern part of the site, it takes around 12 days to

move towards the site’s northern edge (Ezzahar et al. (2007)).

2.2.2 Agafay

Agafay station is a 38 ha citrus orchards located at 44 km southwest of Marrakech (8.24662°W;

31.50395°N). Measurements were collected between 2006 and 2009 within a mandarin orchard

planted in July 2000 (Nassah et al. (2018)). The trees height was about 3m covering around 35% of

2https://www.lmi-trema.ma/
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the ground. Drip irrigation was used to sustain the crop under excessive watering, during irrigation

events, farmers applied about 2 to 9 mm day−1 almost every day despite the rainfall events in order to

eliminate the soil salinity from the root zone (0.6 m) (Nassah et al. (2018)).

Figure 2.3: Overview of the studied in situ sites location with satellite maps showing their position
with respect to the agricultural őelds. (Satellite maps from Google Earth)

2.2.3 R3

R3 is an irrigated wheat crop located 40 km East of Marrakech (7.59583°W; 31.66722°N), managed

by a regional public agency (Office Régional de Mise en Valeur Agricole du Haouz (ORMVAH)) since

1999. It covers around 2800 ha with the cereals being the main land cover (Duchemin et al. (2006);

Er-Raki et al. (2021)). Measurements were collected during the wheat agricultural season (January to

May 2003) during which a regularly distributed irrigation was applied; periodic ŕooding irrigation of

about 30 mm per 4 ha was applied regardless of rain events (Er-Raki et al. (2007)).
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Figure 2.4: Photograph of the sonic anemometer in Agafay (a,b), R3 (c) and Agdal site (d,e) with an
example of the the Time Domain Reŕectometry instrument (g) planted at different soil depths (f) over
the three sites (Copyright: LMI-TREMA).

2.2.4 Meteorological measurements

Over each site, 30 min measurements of meteorological data were collected: air temperature and

humidity were measured with a Campbell Scientiőc HMP45C probe. Wind speed and direction

were measured using a Young Wp200 anemometer at 1.3m, 2m and 3.25m in R3, Agafay and Agdal

respectively above the vegetation height, this latter ranges on average to 6m (Agdal) and 3m (Agafay).

In R3 it reaches around 0.7m during the growing season (see table 2.1). Precipitation was collected

with a Campbell FSS500 tipping bucket automatic rain gauge and the radiation components were

measured with a Kipp and Zonen CNR1 radiometer (Er-Raki et al. (2021)). Surface temperature (Ts)

was calculated based on the Stefan-Boltzman law, using a surface emissivity ϵ of 1:

Ts = (
LWup + (ϵ− 1)LWdn

ϵσ
)1/4 (2.1)

Where σ is the Stefan-Boltzman constant, LWdn and LWup are the downward and upward longwave

radiative ŕuxes respectively.

The sensible and latent heat ŕuxes were measured using the Eddy Covariance system (EC) installed
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over each station. Figure 2.5 shows the footprint for the prevailing wind direction of the EC system

at Agdal station. EC systems over the three stations are made up of a 3D sonic anemometer (CSAT3,

Campbell Scientiőc Ltd.) that measured temperature and wind velocity component ŕuctuations, with

an open-path infrared gas analyzer (Li7500, Licor Inc.) that measured carbon dioxide and water

vapor concentrations. Data were sampled at a rate of 20 Hz and were recorded using CR23X data

loggers (Campbell Scientiőc Ltd.) (Er-Raki et al. (2007); Ezzahar et al. (2007); Nassah et al. (2018)).

Soil moisture was recorded at different soil depths (from 5 to 80 cm) using CS-616 Time Domain

Reŕectometry (TDR) that draws a linear relationship between the dielectric constant of the soil ϵ and

its volumetric water content θ[m3m−3] as follows:

√
ϵ = a0 + a1θ (2.2)

Detailed technical informations of the data are summarized in Table 2.1

Figure 2.5: Location and footprint of the EC system installed at Agdal station (corresponding to 95%
of the sensible heat ŕux), with irrigation orientation. (Figure adapted from Ezzahar et al. (2007))
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Table 2.1: Characteristics of the in situ measurements in the three sites Agdal, Agafay and R3

Quantity Instrument Height from

vegetation top

Air temperature (T) Vaisala HMP45AC probe 2 m

Relative humidity (RH) - -

Wind direction / Wind speed (U) Young Wp200 anemometer 3.25 m (Agdal)

2 m (Agafay)

1.3 m (R3)

Precipitation TRP525M Rain gauge 1 m

Sensible heat ŕux (H) 20Hz 3D sonic thermo-anemometer 3.25 m (Agdal)

(CSAT3) and open-path infrared 5.5 m (Agafay)

gas analyzer (Li7500, Licor Inc) 1.3 m (R3)

Latent heat ŕux (Le) - -

Friction velocity (u*) - -

Downward shortwave radiation (SWdn) CNR1 radiometer 2 m

Upward shortwave radiation (SWup) - -

Downward longwave radiation (LWdn) - -

Upward longwave radiation (LWup) - -

Skin surface Temperature (Ts) - -

Soil moisture CS616 water content reŕectometer 5 cm depth

2.3 Characterizing the near-surface climate of the Haouz Plain

The regional climate in the Haouz plain is arid to semi-arid with temperature varying from -7.2 °C to

48.2 °C with an annual average of 27.8 °C, and low and irregular rainfall, characterised by episodic

dry spells and high temporal and spatial heterogeneity reŕecting that of the topography (Figure 2.6)

(HAJHOUJI (2018)). From 1962 to 2015, average precipitation recorded in the High Atlas is around

530 mm yr−1 whereas it is less than 200 mm yr−1 in Marrakech site (HAJHOUJI (2018)), with

evaporative demand of up to 1600 mm yr−1 (Er-Raki et al. (2010)).

We leveraged the LMI-TREMA dataset to make a short updated climatology of the Haouz plain,

Figure 2.8 represents the 2004-2020 seasonal cycle of temperature and precipitation of four selected

sites in the Haouz plain (Figure 2.7): Chichaoua (8.65°W;31.42°N) wheat irrigated őeld located

70 km western Marrakech city, Graoua (7.91°W;31.58) located 10km southern Marrakech , Agafay

(8.24662°W; 31.50395°N) and Aremd (7.92°W;31.12°N). This latter is located 70km southern Mar-

rakech at the Atlas mountain. These four sites have been carefully selected as they provide a relatively
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long time series of the meteorological data.

From January to December, the cycle begins with relatively lower temperatures during winter

(< 20°C), gradually increasing through spring and summer to reach their peaks during the summer

months with up to 28°C in Chichawa, Grawa and Agafay and around 23°C in Aremd, reŕecting the

region’s typical arid conditions. Aremd Station, situated in highland (2058m altitude), shows cooler

temperatures throughout the year aligned with higher amounts of rainfall compared to surrounding

lowland areas, due to a possible orographic effects. Indeed, summer rainfall is very low at the lowland

stations, but it reaches up to 50mm in Aremd. In winter, the monthly total rainfall varies between 20

and 50 mm in Chichaoua, Graoua and Agafay stations and exceeds 80 mm at Aremd.

Figure 2.6: Annual rainfall distribution in the catchments of Tensift basin between 1972 and 2000
(adapted from Boudhar (2010))
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Figure 2.7: Overview of the instrumented stations Chichawa (a), Aremd (b) and Grawa (c) (Figures
from http://trema.ucam.ac.ma/Obs_TREMA)

32



CHAPTER 2. OBSERVATIONAL DATASET AND CLIMATE OF THE HAOUZ PLAIN

Figure 2.8: Seasonal cycles of mean temperatures (curves) and cumulative rainfall (bars) at Chichaoua,
Graoua, Aremd and Agafay stations between 2004 and 2020
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3.1 Preface

The Earth’s climate is a complex ecosystem made up of a őnite number of key elements: the

atmosphere, the hydrosphere, the cryosphere, the geosphere and the biosphere.

Climate models are computer programs performed to produce numerical simulations of changes

in the atmosphere’s conditions (Hourdin and Guillemot (2021)). The General Circulation Models

(GCMs) represent the dynamics of momentum, energy and water using the fundamental laws of

physics, based on approximate forms of the equations which govern the circulation of the atmosphere

above the earth’s surface (the dynamical core), and of the other processes affecting the Earth’s climate

such as solar radiation, clouds, rain... etc (Hourdin and Guillemot (2021)). Since the mid-1950s,

the evolution of computing technologies allowed scientists to develop models simulating the climate

system as a whole, through coupling several models, each describing a speciőc component of the

climate system. The models formed are referred to as the Global Climate Model (GCMs). They serve

to predict the weather situation for a few days, but also, for longer time scales ranging from years to

several decades or even millennia. Those models have been developed to include further processes

such as the biogeochemical cycles, and they are called Earth System Models (ESMs).

3.2 CMIP6 models

In order to provide a comprehensive study of the surface water supply projections over the Mediter-

ranean and Sahara as simulated by the most recent GCMs from the sixth CMIP exercise, we conducted

an in-depth study analyzing how these models respond to climate change in the Mediterranean and

North African region. We have used outputs from 17 GCMs included in the CMIP6 database

(https://esgf-node.llnl.gov/search/cmip6/), for both the łhistoricalž (1850ś2014) simulations and the

low and high-end forcing Shared Socio-economic Pathways łSSP2-4.5ž and łSSP5-8.5ž (2015ś2100)

from Scenario Model Intercomparison Project (ScenarioMIP) (O’Neill et al. (2016)). SSP2-4.5 (+4.5

W m−2; 2015-2100) is the updated scenario of the so-called RCP4.5 used in CMIP5 with a moderate

level of greenhouse gas emissions, SSP5-8.5 (+8.5 W m−2; 2015-2100) is the updated scenario of the

so-called RCP8.5 that considers a world with a strong reliance on fossil fuels (Gillett et al. (2016); Li

et al. (2020)). The historical simulations are forced with a combination of natural (e.g., solar vari-

ability, volcanic aerosols) and anthropogenic (e.g., greenhouse gas emissions and aerosols) climate

forcings (Eyring et al. (2016); Cook et al. (2020)).

CMIP5 models response to climate change is also assessed in our study, then, for the sake of

fairness in our comparative study, we selected the available set of climate models from CMIP5 and its

updated version of CMIP6 (Table 6.1). Selected models cover the period from 1850 to 2100 (historical

+ SSP) (Table 3.1) which provide the following output variables: precipitation rate, evapotranspiration

and surface soil moisture. Although the scope of our study is limited to the surface water supply terms

and the surface water evolution, we will also brieŕy comment on the behavior of the total soil moisture

which provides further informations on the hydrological response of the deeper soil layer. Analyses

are conducted over the Mediterranean (MED) and Sahara (SAH) subregions as deőned for the IPCC’s
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sixth assessment (Iturbide et al. (2020)). Further details about the protocole followed are in chapter 5.

Table 3.1: List of the CMIP6 and CMIP5 models used in our study with the nominal resolution

CMIP6 models lon x lat CMIP5 models lon x lat

BCC-CSM2-MR 1.1° x 1.1° - -

CAMS-CSM1-0 1.1° x 1.1° - -

CESM2 1.3° x 0.9° - -

CESM2-WACCM 1.3° x 0.9° - -

CMCC-CM2-SR5 0.9° x 1.2° CMCC-CM 0.75° x 0.75°

MPI-ESM1-2-HR 0.9° x 0.9° MPI-ESM-MR 1.8° x 1.8°

MRI-ESM2-0 1.1° x 1.1° MRI-ESM1 1° x 0.5°

NorESM2-MM 1.2° x 0.9° NorESM1-M 1° x 0.5°

TaiESM1 0.9° x 1.25° - -

CNRM-CM6-1 1.4° x 1.4° CNRM-CM5 1.4° x 1.4°

CNRM-ESM2-1 1.4° x 1.4° - -

GISS-E2-1-G 2° x 2.5° GISS-E2-R 2° x 2.5°

IPSL-CM6A-LR 2.5° x 1.3° IPSL-CM5A-LR 2.5° x 1.3°

MIROC6 1.4° x 1.4° MIROC5 1.4° x 1.4 °

MPI-ESM1-2-LR 1.9° x 1.9° MPI-ESM-LR 1.8° x 1.8°

NorESM2-LM 2.5° x 1.9° - -

UKESM1-0-LL 1.9° x 1.3° - -

3.3 Surface layer and coupling of the LMDZ atmospheric com-

ponent

In order to regionalize the climate over the Moroccan plains, we use the Laboratoire de Météorologie

Dynamique model, with a stretchable horizontal grid (LMDZ, "Z" for the Zoom), the atmospheric

component of the IPSL-CM, coupled with the land surface model ORCHIDEE (section 3.4). LMDZ

has been developed since 80s by Sadourny and Laval (1984). The LMDZ dynamical core inte-

grates the primitive equations of the atmospheric circulation over time and space on a rectangular

horizontal grid in the longitude-latitude plane. The physical core computes the vertical radiative

transfer and small-scale movements, convection and clouds within a grid-cell (Hourdin and Guillemot

(2021)). In the vertical, the model discretization uses the so-called hybrid sigma-pressure coordinate

(Boucher et al. (2020)). This thesis is based on the CMIP6 version of the atmospheric model LMDZ

(LMDZ6A), where a łNew Physicsž package was improved relative to its CMIP5 version (Hourdin

et al. (2013)). The LMDZ6A is based on a complete revision of the turbulence, convection, and clouds

parameterizations (Boucher et al. (2020)).

LMDZ can be run solely or coupled to one or several components of IPSL-CM, each one corre-

sponds to a sub-surface type of LMDZ as shown in Figure 3.1:
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• The land surface model ORCHIDEE.

• The ocean model NEMO, or sea surface temperature forcing.

• The sea ice model LIM.

• The land ice model incorporating the land glaciers and ice sheets.

Figure 3.1: The sub-surfaces treatment in LMDZ. (Figure from Vignon (2017))

The boundary layer processes are handled for each sub-surface (Vignon (2017)) and then mixed at

the őrst atmospheric level of the model (Cheruy (2018)). The vertical diffusion is treated independently

for each one of the sub-surfaces (Cheruy (2018)). The time evolution of a state variable X (being T,

U, V or Q) associated to turbulent diffusion equation reads:

∂X

∂t
= −

1

ρ

ϕX

∂z
(3.1)

The parametrization of the vertical turbulent ŕux ρw′q′ of a scalar q (the wind components, the

virtual potential temperature or the speciőc humidity) reads:

ρw′q′ = ρα̂ŵ(q̂ − q) − ρKq
∂q

∂z
(3.2)
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Where z is the height, ρ is the air density, α̂ is the fraction of the horizontal surface covered by

ascending plumes, ŵ is the turbulent vertical velocity in the thermals, q̂ is the value of q in the

plume and Kq is a local turbulent diffusion coefficient (Vignon et al. (2017)). The term ρα̂ŵ(q̂ − q)

corresponds to the non-local mixing, parametrized with a mass ŕux representation called łThermal

Plume Modelž (Hourdin et al. (2002); Rio et al. (2010); Jam et al. (2013); Hourdin et al. (2019)). The

local turbulent diffusion term (−ρKq
∂q
∂z

) is parameterized using a 1.5 order closure K-gradient scheme

based on Yamada (1983) revisited in Vignon et al. (2017).

The surface turbulence ŕuxes in LMDZ are based on the Monin-Obukhov (MO) similarity theory

(Monin and Obukhov (1954)) (See the highlighted box at the end of this section). The sensible (H)

and latent heat (Le) ŕuxes are calculated using a bulk formula between the surface and the őrst model

level as follows:

H = ρ1cpChU1(θv1 − θs) (3.3)

Le = ρ1βLvapChU1(qv1 − qs,sat) (3.4)

with cp is the speciőc heat of air at constant pressure, β is the aridity coefficient, Lvap is the latent

heat of vaporization. ρ1, U1 ,qv1 and θv1 are the air density, the wind speed, the speciőc humidity

and the virtual potential temperature at the őrst model level respectively; θs and qs,sat are the virtual

potential temperature and the saturation speciőc humidity at the surface; Ch is the drag coefficient for

heat, and reads:

Ch =
κ2

ln(z1/z0m) ln(z1/z0h)
× fh(Rib) (3.5)

Where z1is the őrst model level height, z0m and z0h are the roughness lengths for momentum and

heat respectively, κ = 0.41 is the Von Kármán constant and fh is the stability function of the bulk

Richardson number Rib between the őrst model level and the surface (Vignon et al. (2017)). The

stability function fh in CMIP6 version is set to a more realistic "short-tail" version from King et al.

(2001) shown to enhance modelled Antarctic surface climate, instead of the default one from Louis

et al. (1982) (Cheruy et al. (2020)). It reads:

fh(Rib) =







(1 −Rib/c2)
2 Rib < c2/2

c3 ∗ (c2/Rib)
2 Rib ≥ c2/2

(3.6)

with c2 = 0.25 and c3 = 0.0625

In the coupled mode, the drag coefficient Ch is calculated in LMDZ, using the roughness heights

computed by the land surface model ORCHIDEE at each time-step (section 3.4). The ’aridity

coefficient’ (β), also computed by ORCHIDEE, is a function of total soil moisture (θt) as follows:

β =







1 θt > θc

θt

θc

θt ≤ θc

(3.7)

Where, θc = 0.5 × θtmax, critical amount of soil moisture, above which evapotranspiration reaches

the potential rate (Ep), this latter is a function of the gradient of speciőc humidity between the surface
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and the overlying air (Coindreau et al. (2007); Fita (2013)):

Ep = ρ
qsat(Tg) − qa

ra

(3.8)

The radiative scheme in LMDZ is inherited from the ECMWF weather forecast model (Hourdin

et al. (2020a)), where a k-correlated Rapid Radiative Tranfer Model (RRTM) model (Mlawer et al.

(1997); Michael J Iacono (2011)) with 16 spectral bands was introduced in LMDZ for the longwave

spectrum. A new radiative code (ECRAD) is currently being implemented in LMDZ. In particular,

this code enables radiation-cloud interactions to be handled more physically.

A note on fundamentals of the Monin Obukhov’s theory

The MO similarity theory uses dimensional analysis following the Buckingham’s π-theorema

(Foken (2008)). The MO theory proposes that the mean gradients and other statistical parameters

become a universal functions of z/L (Cheruy (2018)). L, the so-called ’Obukhov length’, is a

scaling parameter that can be interpreted in unstable situation as being proportional to the height

above the surface at which the buoyancy effects dominate the mechanical effects (shear). It reads:

L =
θ̄v

g

u∗2

κθv∗
with u∗ = (

τ

ρ
)1/2 (3.9)

With κ is the Von Kármán constant, g is the acceleration of gravity and z is the height of the

őrst model layer, τ is the surface stress and d is the displacement height taken equal to 2/3 of the

canopy height. With U and θ having the following vertical gradients respectively:

∂U

∂z
=
u∗
κz
ϕ(
z

L
) (3.10)

∂θ

∂z
=
θ∗
κz
ϕ(
z

L
) (3.11)

With θ∗ = −(w̄′θ′)/u∗ , z0m and z0h are the so called aerodynamical roughness lengths for

momentum and heat respectively, deőned such as U (z = z0m) = 0 and θv(z = z0h) = θvs. U

is the wind speed at z, θv is the virtual potential temperature at z and θvs is the virtual potential

temperature at z0h. ψm and ψh are the integrated form of the stability correction functions for

momentum and sensible heat transfer, respectively:

ψm,h(x) =
∫ x

0

(1 − ϕm,h(X))/XdX (3.12)

Assuming that turbulent ŕuxes are constant and independent of the distance from the surface,

the MO similarity theory predicts a pseudo-logarithmic form for the wind speed U and potential
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temperature θ proőles as follows:

U(z) =
u∗
κ

[ln(
z − d

z0m

) − ψm(
z − d

L
) + ψm(

z0m

L
)] (3.13)

θv − θvs =
θ∗
κ

[ln(
z − d

z0h

) − ψh(
z − d

L
) + ψh(

z0h

L
)] (3.14)

aBuckingham’s π-theorem (Kantha and Clayson (2000)) states that for n+1 dependent parameters and k inde-
pendent dimensions, there exist exactly n+1-k dimensionless parameters which characterize the process. For further
details, we refer the reader to the supplement 2.3 of Foken (2008)

3.4 ORCHIDEE land surface model

ORCHIDEE (ORganizing Carbon and Hydrology In Dynamics EcosystEm) is a dynamical global

vegetation model, developed by the IPSL, which represents the mass, momentum and energy ŕuxes

between the surface and the atmosphere (Krinner et al. (2005)). It is based on two main models: 1) the

SECHIBA (Schématisation des Échanges Hydriques à l’Interface Biosphère Atmosphère; Ducoudré

et al. (1993)) hydrological model that computes the soil water content as well as the energy and

water exchanges between the atmosphere and the surface. 2) the STOMATE (Saclay Toulouse

Orsay Model for the Analysis of Terrestrial Ecosystems; Botta et al. (2000)) carbon cycle model that

represents photosynthesis processes, carbon allocation, litter decomposition and phenology (Krinner

et al. (2005)).

In ORCHIDEE, the soil hydrology is discretized into 11 layer for a 2m depth (panel b in Fig.

3.2) instead of the two-layer bucket model used previously in the CMIP5 IPSL-CM5 model version

(Boucher et al. (2020)). In each single grid-cell, vegetation is described using 15 plant functional types

(PFTs) classiőed into three soil tiles sharing the same physiological behavior (see panel a of Figure 3.2)

(Boucher et al. (2020)): bare soil, forests (tropical broadleaf evergreen, tropical broadleaf raingreen,

temperate needleleaf evergreen, temperate broadleaf evergreen, temperate broadleaf summergreen,

boreal needleleaf evergreen, boreal broadleaf summergreen, boreal needleleaf deciduous) and grasses

(temperate natural grassland (C3), natural grassland (C4), crops (C3), crops (C4), tropical natural

grassland (C3) boreal natural grassland (C3))1.

In a single mesh, the vegetation fraction of a given PFT is determined by its maximum fraction

FP F T prescribed by a map and the Leaf Area Index (LAI) parametrized with STOMATE following

Monsi and Saeki (1953):

FP F T = FmaxP F T (1 − ek∗LAI) (3.15)

With k is the extinction coefficient set at 0.5 in ORCHIDEE. Within a grid cell, the three PFTs soil

tiles share a unique energy and snow budget, however, the water budget is computed independently

for each tile. For a őnite soil layer, ORCHIDEE computes the total water stock W as a function

of total precipitation P (rainfall and snowfall), surface runoff R, the drainage to groundwater D and

evapotranspiration E (panel a of Fig. 3.2).

1https://orchidas.lsce.ipsl.fr/dev/lccci/orc_15pft.php
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∂W

∂t
= P −R −D − E (3.16)

The surface roughness height (z0) in ORCHIDEE was initially computed as constant values for

each of the plant functional types (see Table 3.2). In the CMIP6 version, the surface roughness

height is now parameterized as a function of the LAI and the vegetation height based on an internal

canopy turbulence model developed by Massman (1999) and evaluated by Su et al. (2001). At

the time of writing this manuscript, an ongoing discussion about the formulation of the roughness

height in ORCHIDEE model is held within the ORCHIDEE team. Since the CMIP6 release, some

studies (including our research, see section 4.2) have revealed biases in the simulated surface drag.

Therefore, the calculation method of the surface roughness heights in ORCHIDEE is currently subject

of discussion.

Figure 3.2: a): Overview of the three soil tiles of the ORCHIDEE land surface model; 1: bare soil,
2: forests and 3: crops, the blue arrows indicate the main water balance ŕuxes in the surface. b):
the vertical discretization of the 2m soil into 11 layers with geometric distance between layers (from
De Rosnay et al. (2002))
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Table 3.2: Prescribed roughness lengths for momentum and for heat per PFT

PFT z0m z0h

Bare soil 0.01 0.0001

Tropical Broadleaf Evergreen 0.0625 0.0625

Tropical Broadleaf Raingreen 0.0625 0.0625

Temperate Needleleaf Evergreen 0.0625 0.0625

Temperate Broadleaf Evergreen 0.0625 0.0625

Temperate Broadleaf Summergreen 0.0625 0.0625

Boreal Needleleaf Evergreen 0.0625 0.0625

Boreal Broadleaf Summergreen 0.0625 0.0625

Boreal Needleleaf Deciduous 0.0625 0.0625

Temperate Natural Grassland (C3) 0.1 0.001

Natural Grassland (C4) 0.0833 0.000833

Crops (C3) 0.25 0.0025

Crops (C4) 0.25 0.0025

Tropical Natural Grassland (C3) 0.1 0.001

Boreal Natural Grassland (C3) 0.1 0.001

3.5 LMDZ-ORCHIDEE coupled model

In this thesis work, LMDZ is coupled with the ORCHIDEE v2.2 land surface model. Sea surface

temperature and sea ice cover are prescribed in the simulations.

LMDZ and ORCHIDEE are coupled using an implicit scheme that ensures the continuity of

exchanged ŕuxes and temperature. ORCHIDEE soil tiles are coupled to a unique atmosphere (the

sub-surface land in Figure 3.1). The surface temperature is determined from the energy balance

closure at the surface (Polcher et al. (1998); Cheruy (2018)):

Cs
∂θs

∂t
= LWnet + SWnet +H + Le+G (3.17)

Where θs is the surface temperature, Cs is the surface heat capacity per unit area, LWnet is the net

longwave radiation at the surface, SWnet is the net shortwave radiation at the surface, Le is the latent

heat ŕux, H is the sensible heat ŕux and G is the ground heat ŕux. All ŕuxes are positive downward.

The turbulent diffusion coefficients are calculated from the summit of the atmosphere to the surface

at each timestep using the K-gradient expressions. Then, the heat diffusion is also calculated using

a coefficients and the temperature is updated, then, the main atmospheric quantities are calculated

upward ensuring the surface and atmosphere consistency (for further details, we refer the reader to

Dufresne and Ghattas (2009))

In the coupled mode, LMDZ computes the radiation calculations (net solar radiation, the zenith
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angle and the downward longwave radiation) through the surface boundary conditions provided by

ORCHIDEE (Albedo, emissivity and surface radiative temperature) (Polcher et al. (1998)).

3.6 Simulations set-up

General circulation models are the main tools for climate simulations (Giorgi and Mearns (1991)).

However, the necessity to adequately representing the regional and subgrid-scale atmospheric pro-

cesses within global runs is computationally demanding (Giorgi and Mearns (1991)). Global climate

models with a zoom have the potential to study the regional climate with variable-resolution grids.

They allow for the higher-resolution domain to be placed over the region of interest within the global

models, and then, a well downscaled information from the large-scale to the regional scale compared

to the other regionalization tools, despite the relatively higher demand on computer resources when

the zoom limits are smooth (Déqué and Piedelievre (1995); Goubanova and Li (2007); Yang et al.

(2016)). The LMDZ model was used with a zoom for the őrst time by Krinner et al. (1997) over the

Antarctic region as an alternative to model nesting, where they reported a signiőcant improvement in

the simulated climate compared to the regular-grid version. Then, the zoomed and nudged LMDZ

has been used in various regionalization studies and has shown signiőcant improvements of the atmo-

spheric circulation, surface air temperature, and precipitation (Gao et al. (2011)). Several applications

have been held in different regions: The Mediterranean (e.g., Casado-Lopez and Li (2009); Chéruy

and Aires (2009); Drobinski et al. (2016)); East Asia (e.g., Xin et al. (2008); Lee et al. (2012); Yang

et al. (2016)) and West-Africa (e.g., Hourdin et al. (2014, 2015); Diallo et al. (2017)).

The simulations presented in this thesis all consist on a zoomed and nudged conőguration with a

64x64 horizontal grid, and a 79 vertical levels of the coupled land surface-atmosphere model LMDZ-

ORCHIDEE. The center of the zoom is őxed at the Haouz plain (7.5°W;31.5°N) where the horizontal

resolution reaches about 25km over a 300 km perimeter (see Fig. 3.3). By default, LMDZ is set up in

"climate mode" where variables are computed freely and the "trajectory" of the model only depends

on the initial and the boundary conditions, such as the SST, albedo, aerosols... etc (Gueye (2015)).

However, to reduce the model’s internal variability and improve the model-observation comparisons,

as demonstrated in several studies focusing on the surface-atmosphere coupling (Coindreau et al.

(2007); Cheruy et al. (2013); Diallo et al. (2017)), we run our simulations in a "nudged" mode. This

latter forces the large-scale dynamics to follow the real one, by relaxing meteorological variables

towards reanalysis as follows:

∂X

∂t
=
∂X

∂t dyn
+
∂X

∂t phys
+
Xa −X

τ
(3.18)

Where X is either the temperature T, the speciőc humidity Q, the zonal and meridional wind U,V. F

is the operator characterizing the physical and dynamical processes that determine the evolution of X.

Xa is the equivalent őeld from ERA5 and τ is the relaxation time that controls the nudging intensity

(Coindreau et al. (2007); Vignon et al. (2018)).

Nudged variables in our simulations are temperature, wind speed and humidity. To ensure a model
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simulation fully governed by the model’s physics and dynamics within the zoom area, we varied the

relaxation time τ from a small value (τmin = 6h) outside the zoom to a large value (τmin = 240h)

inside the zoom.

The reference simulation consists of the conőguration described above and is denoted STD. A series

of test simulations were carried out to evaluate the model’s performances (chapter 4).

Figure 3.3: Overview of the implemented LMDZ grid with 64x64 horizontal resolution and the grid
reőnement over the Haouz plain (right panel)
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4.1 Introduction to the chapter

The land-atmosphere interactions involve a variety of processes that modulate the regional climate

(Seneviratne et al. (2010); Cheruy et al. (2020)), they rely on intricate land-atmosphere interactions,

such as the impact of the surface physical and radiative properties on the atmosphere on the one hand,

and the modulated surface properties by the atmosphere on the other hand (Betts et al. (1996); Schär

et al. (1999); Berg and Sheffield (2019)). Encompassing a wide range of spatiotemporal scales, from

diurnal to longer-term climate feedbacks (Berg and Sheffield (2019)).

Assessing the land-surface atmosphere interactions has been a central focus in the continuous

development of LMDZ-ORCHIDEE model (e.g., Coindreau et al. (2007), Cheruy et al. (2013, 2017,

2020), Campoy et al. (2013), Aït-Mesbah et al. (2015), Wang et al. (2018) and Tang et al. (2023)).

In particular, the Sahelian climate was subject of active research (e.g. Gueye (2015); Hourdin et al.

(2015); Diallo et al. (2017)). For instance, Diallo et al. (2017) reported the substantial role of wind

nudging in the improvement of the model comparison with station observations over West Africa.

They also identiőed a persistent temperature, surface albedo and incoming solar radiation biases linked

with the representation of the soil thermal inertia and the turbulent mixing efficiency.

Our understanding of the surfaceśatmosphere interactions in Morocco remains limited, due to

the climate models ability to simulate surface-atmosphere interactions and also due to the scarcity of

in-situ measurements, speciőcally over the agricultural areas.

The purpose of this chapter is to use in-situ precious measurements collected over the Haouz plain

to evaluate and improve the simulated present-day climate over the plain, with a particular focus on the

near surface climate. The őrst part of this chapter includes a paper accepted in the Journal of Applied

Meteorology and Climatology, in which we evaluate the LMDZ-ORCHIDEE’s ability to simulate

the near-surface meteorology, and the different terms of the surface energy balance (sections 4.2.3.1,

4.2.3.2). Then, we conduct a series of sensitivity experiments to identify the sources of the observed

warm and dry biases (sections 4.2.3.3, 4.2.3.4). The supplementary information of the paper is given

in Appendix A.

Since Moroccan agricultural őelds are extensively irrigated, we expand our analysis of a őrst-order

parameterization (section 4.3) in the land-surface model ORCHIDEE to mimic the drip irrigation at

the plain and we assessed its potential impact on the diurnal (section 4.3.2) and seasonal (section

4.3.3) near surface climate.
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4.2 Article. Modeling land-atmosphere interactions over semi-

arid plains in Morocco: in-depth assessment of GCM stretched-

grid simulations using in situ data

Arjdal, K., Vignon, É., Driouech, F., Chéruy, F., Sima, A., Er-Raki, S., Chehbouni, A., Drobinski,

P. (2023). Modeling land-atmosphere interactions over semi-arid plains in Morocco: in-depth as-

sessment of GCM stretched-grid simulations using in situ data. Journal of Applied Meteorology and

Climatology. https://doi.org/10.1175/JAMC-D-23-0099.1

Abstract Land surface-atmosphere interactions are a key component of climate modeling. They

are particularly critical to understand and anticipate the climate and the water resources over the

semi-arid and arid North-African regions. This study uses in situ observations to assess the ability of

the IPSL-CM global climate model to simulate the land-atmosphere interactions over Moroccan semi-

arid plains. A speciőc conőguration with a grid reőnement over the Haouz plain, near Marrakech,

and nudging outside Morocco has been performed to properly assess the model’s performances. To

ensure reliable model-observation comparisons despite the fact that stations measurements are not

representative of a mesh-size area, we carried out experiments with adapted vegetation properties.

Results show that the CMIP6 version of the model’s physics represents the near surface climate over

the Haouz plain reasonably well. Nonetheless, the simulation exhibits a nocturnal warm bias, and the

wind speed is overestimated in tree-covered meshes and underestimated in the wheat-covered region.

Further sensitivity experiments reveal that LAI-dependent parameterization of roughness length leads

to a strong surface wind drag and to an underestimated thermal coupling between the land surface

and the atmosphere. Setting the roughness heights to the observed values improves the wind speed

and to a lesser extent the nocturnal temperature. A low-bias in latent heat ŕux and soil moisture

coinciding with a pronounced diurnal warm bias at the surface is still present in our simulations.

Including a őrst-order irrigation parametrization yields more realistic simulated evapotranspiration

ŕux and daytime skin surface temperatures. This result raises the importance of accounting for the

irrigation process in present and future climate simulations over Moroccan agricultural areas.

4.2.1 Introduction

The Mediterranean basin is one of the most vulnerable climate change hotspots (Diffenbaugh and

Giorgi (2012); Douville and John (2021); Ali et al. (2022)). Several parts of the region have registered

a decrease in rainfall since 1960 with signiőcant changes in the aridity and drought (Douville and

John (2021); Gutiérrez et al. (2021); Driouech et al. (2020)). Soil moisture observations show that

the Mediterranean region’s aridity has been strongly inŕuenced by rising temperatures and increased

atmospheric demand (Vicente-Serrano et al. (2014); Gutiérrez et al. (2021)). Furthermore, the sixth

Assessment Report (AR6) and the őrst MedECC Assessment Report (MAR1) show that climate
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models agree on a future warming ranging from 3.5°C to 8.75°C over the Mediterranean under the

high-end scenario by the end of the 21st century (Cherif et al. (2020); Douville and John (2021); Arjdal

et al. (2023); Balhane et al. (2021)). Climate change is projected to intensify throughout the region

generating several cascading impacts on socio-economic sectors, including agriculture (Vafeidis et al.

(2020)).

Among the Mediterranean and North African countries, Morocco is considered as one of the

most vulnerable countries to climate change (Schilling et al. (2020)). Moroccan rainy season extends

from October to April with a strong interannual precipitation variability (Born et al. (2010); Driouech

(2010)). During the second half of the 20th century, the country experienced several below-average

rainfall periods, mostly in winter and spring (Schilling et al. (2012); Fink et al. (2010); Meddi et al.

(2010); Raymond et al. (2016, 2018); Tramblay et al. (2018)) and is expected to experience more

winter and spring dry spells in the future (Raymond et al. (2019)). The observed trend towards a

drier and warmer climate strengthens in future scenarios (Born et al. (2008); Driouech et al. (2020);

Drobinski et al. (2020)). A rising temperature by +1.4°C to +2.6°C is projected, while precipitation

is projected to decrease by about 10% to more than 30% by 2065 (Marchane et al. (2017); Schilling

et al. (2012); Tramblay et al. (2013); Arjdal et al. (2023)).

The Moroccan economy, as most African countries, is heavily sustained by rainfed agriculture.

This later contributes to about 13.6 % of the Global National Product (GNP) with 59% of agricultural

areas used for cereal crops (Harbouze et al. (2019)). During periodic droughts, groundwater remains

the sole water resource. Combined effects of drought and water use, in particular owing to the

spreading of urban and industrial regions, and an intensiőcation of the use of irrigation for agriculture,

led to a signiőcant groundwater shortage in areas such as the Haouz Plain (31°30’0" N; 8°0’0" W), (Ait

El Mekki and Laftouhi (2016); Chehbouni et al. (2008)). In fact, irrigated agriculture accounts for 85%

of the total water use in the Haouz plain (Chehbouni et al. (2008)), the Tensift watershed extending

from the High Atlas mountains being the major water source (Zkhiri et al. (2019)). Developing

climate change adaptation strategies requires őne and accurate projections of the future climate which

themselves rely on appropriate parameterization of the physical processes that govern the hydrological

cycle and surface climate in climate models. In particular, the physical parameterizations of boundary

layer processes and surface-atmosphere interactions play a fundamental role for the climate models

performance and for determining their reliability to simulate and predict the surface climate (Betts

(2007); Cheruy et al. (2013); Santanello et al. (2018)). Several studies evaluating climate models in

the Mediterranean region have been carried out (e.g. Cavicchia et al. (2018); Drobinski et al. (2016);

Panthou et al. (2018)). However, most of the evaluations conducted rely on gridded datasets such as

E-OBS, which has only a limited sub-dataset over Morocco, as highlighted in Cornes et al. (2018).

Arjdal et al. (2023) evidenced large inter-model spread in projected surface hydrology over the

North-African region by climate models involved in the latest CMIP exercise (CMIP6). This spread can

be attributed either to differences in large scale circulation patterns or to discrepancies and uncertainties

in simulating the parameterized atmospheric processes, the surface-atmosphere interactions as well as

their responses to anthropogenic forcings. Regarding more speciőcally the Moroccan region, previous

studies have assessed the dynamics and the variability of precipitation and characterized the water
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cycle (e.g., Driouech et al. (2009); Driouech (2010); Tramblay et al. (2013, 2012)). However, the

ability of models to properly simulate the surface-atmosphere interactions remain under-explored.

The main objective of this study is to perform a thorough evaluation of of LMDZ-ORCHIDEE, the

atmosphere-land surface component of IPSL-CM (The Institut de Pierre Simon Laplace Coupled

Model, Boucher et al. (2020)) in representing the land-surface atmosphere interactions in semi-

arid conditions using rare and precious meteorological observations that were acquired over the

Haouz Plain in Morocco. The IPSL-CM model has been historically and is still actively involved

in the Coupled Model Intercomparison Projects (CMIP). A particular attention to the land-surface

atmosphere coupling has been paid during the development of the successive versions (e. g., Aït-

Mesbah et al. (2015); Cheruy et al. (2017, 2020); Hourdin et al. (2013); Wang et al. (2018)) but never

with a speciőc focus on the North-African or Mediterranean regions. We propose an approach to

perform reliable model-observation comparisons and conclusive evaluation of the model’s physics,

leveraging the "zoom" capability of LMDZ to reőne the grid over the plain and applying a nudging

towards atmospheric reanalysis outside of the zoom area.

This manuscript is organized as follows: Sect. 4.2.2 presents the geographical setting, the

observational datasets, the model simulations and the evaluation methodology. Results are presented

and discussed in Sect. 4.2.3. Sect. 4.2.4 closes the paper with conclusions.

4.2.2 Data, model and methods

4.2.2.1 Geographical setting and in situ measurements

The Haouz plain is located 40 km east of Marrakech city (central Morocco) and spreads over 20 450

km2 (Khabba et al. (2013)). It is delimited by the High-Atlas mountain to the south which represents

the region’s ‘water tower’ (Chehbouni et al. (2008)) and the northern hills or jbilets, that is mountains

with moderate relief that consists of rocky plains and hills located about 8 km north of Marrakech (see

Fig. 4.1). The climate of the region is semi-arid with annual average rainfall ranges to ∼250 mm,

primarily concentrated from autumn to spring. Average annual reference evapotranspiration (ETo) is

of about 1600 mm (Er-Raki et al. (2010); Kharrou et al. (2011)). Consequently, in order to maintain

growth and productivity, constant irrigation is required in the őelds (Chehbouni et al. (2008); Khabba

et al. (2013)). Major cultivation types include oranges, wheat and olive (40% of national production)

(Chehbouni et al. (2008); Khabba et al. (2013)).

From the beginning of the 21th century, the Tensift watershed has been equipped with a network of

meteorological and hydrological stations within the framework of the SUDMED Program (Chehbouni

et al. (2003, 2008)), the measurement network has been managed by the Joint International Laboratory

(LMI-TREMA) since 2011 (Jarlan et al. (2015); Khabba et al. (2013)). Amongst the network (Figs.

4.2.6.1), three stations are equipped with eddy-covariance systems, radiometers and soil heat ŕux

measurements allowing for a detailed characterization of the energy and water exchanges between

the land surface and the atmosphere. Those three stations, namely Agdal, Agafay and R3, will be

used to evaluate the model. Two additional standard meteorological stations Graoua and Chichaoua

respectively deployed in wheat őelds - and for which we have access to long and high-quality time
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series - have been used. Their data help us assess whether the model performance - in terms of near

surface wind, humidity and temperature - at the three main sites is comparable at two other sites in

the plain (see details in Sect. B. of the Supplement).

Agafay site is located in an orange crop (38 ha), Agdal in an olive crop (275 ha) and R3 in a wheat

crop őeld (2800 ha). The average height of trees is about 3 m in Agafay (Nassah et al. (2018)) and 6 m

in Agdal (Ezzahar et al. (2007)). The R3 vegetation height can reach up to 0.74 m during the growing

season. Meteorological measurements speciőcations are detailed in Table 4.1. Measurements were

sampled at either 1 or 20 Hz (see details in Table 4.1) and stored at 30 min intervals (Ezzahar et al.

(2007)). In the present study, 1-hour data averages are used in comparisons with model outputs. For

each station, the selection of the time period considered to evaluate the model has been made by

targeting the longest continuous time period for which the observational dataset has been consistent

and thoroughly quality-checked. Thus, the periods (10/2002 - 11/2004), (01/2003 - 05/2003) and

(09/2006 - 12/2009) have been considered respectively for Agdal, R3 and Agafay.

Figure 4.1: Map of the topography with a focus on the Haouz plain and the Atlas mountain range
(inset). The black dots indicate the center of the model meshes. Black crosses show the location of
the three main stations considered in this study, their corresponding model meshes are marked with
red crosses. The location of the two additional stations Chichaoua and Graoua is indicated with purple
crosses.
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Figure 4.2: From left to right: Agafay, Agdal and R3 monitoring stations (Copyright: LMI-TREMA)

Table 4.1: Characteristics of the in situ measurements in the three stations Agdal, Agafay and R3

Quantity Instrument Height from

vegetation top

Air temperature (T) Vaisala HMP45AC probe 2 m

Relative humidity (RH) - -

Wind direction / Wind speed (U) Young Wp200 anemometer 3.25 m (Agdal)

2 m (Agafay)

1.3 m (R3)

Precipitation TRP525M Rain gauge 1 m

Sensible heat ŕux (H) 20Hz 3D sonic thermo-anemometer 3.25 m (Agdal)

(CSAT3) and open-path infrared 5.5 m (Agafay)

gas analyzer (Li7500, Licor Inc) 1.3 m (R3)

Latent heat ŕux (Le) - -

Friction velocity (u*) - -

Downward shortwave radiation (SWdn) CNR1 radiometer 2 m

Upward shortwave radiation (SWup) - -

Downward longwave radiation (LWdn) - -

Upward longwave radiation (LWup) - -

Skin surface Temperature (Ts) - -

Soil moisture CS616 water content reŕectometer 5 cm depth
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4.2.2.2 Model presentation, boundary layer and surface layer parameterizations

LMDZ is an atmospheric General Circulation Model (GCM) developed since the 80s (Sadourny and

Laval (1984)) at Laboratoire de Météorologie Dynamique (LMD) and the atmospheric component of

IPSL-CM. The "Z" in "LMDZ" refers to the zooming capability of its grid. LMDZ was intensively

evaluated and developed for the tropical and equatorial regions (e.g., Diallo et al. (2017); Hourdin

et al. (2015, 2020b)). Surface turbulent ŕuxes parameterization follows the Monin-Obukhov (MO)

similarity theory and the details of the surface-layer scheme are given in Cheruy et al. (2020) and

Vignon et al. (2017). The vertical turbulent diffusion follows a hybrid approach. First, the local

mixing is parameterized using a TKE-l scheme based on the pioneering work of Yamada (1983) and

revisited in Vignon et al. (2017). Second, the non-local mixing in the convective boundary layer is

parameterized with a mass-ŕux scheme so-called the ’thermal plume model’ (Hourdin et al. (2002,

2019); Jam et al. (2013); Rio et al. (2010)).

In LMDZ, the sensible (H) and latent heat (Le) ŕuxes are calculated using a bulk formula between

the surface and the őrst model level as follows:

H = ρ1cpChU1(θv1 − θs) (4.1)

Le = ρ1βLvapChU1(qv1 − qs,sat) (4.2)

with cp is the speciőc heat of air at constant pressure, β is the aridity coefficient, Lvap is the latent

heat of vaporization. ρ1, U1 ,qv1 and v1 are the air density, the wind speed, the speciőc humidity

and the virtual potential temperature at the őrst model level respectively; θs and qs,sat are the virtual

potential temperature and the saturation speciőc humidity at the surface; Ch is the drag coefficient for

heat, and reads:

Ch =
κ2

ln(z1/z0m) ln(z1/z0h)
× fh (4.3)

Where z1is the őrst model level height, z0m and z0h are the roughness length for momentum and

height respectively, κ = 0.41 is the Von Kármán constant and fh is the stability function of the bulk

Richardson number Rib between the őrst model level and the surface (Vignon et al. (2017)).

The surface energy balance reads:

Rn +H + Le+G = 0 (4.4)

with H is the turbulent sensible heat ŕux, Le is the turbulent latent heat ŕux, G is the ground heat ŕux

and Rn is the net radiative ŕux expressed as:

Rn = SWdn − SWup + LWdn − LWup (4.5)

where SWdn is the downward shortwave radiation, SWup is the upward shortwave radiation,LWdn

is the downward longwave radiation and LWup is the upward longwave radiation. All ŕuxes are

deőned as positive towards the surface.
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In climate simulations, LMDZ is coupled to the land surface model ORCHIDEE (Organising

Carbon and Hydrology In Dynamic EcosystEms; Cheruy et al. (2020)). ORCHIDEE consists in

two sub-modules: i) SECHIBA (Schématisation des Échanges Hydriques à l’Interface Biosphère

Atmosphère; Ducoudré et al. (1993)) that computes the energy and the hydrological budgets, ii)

STOMATE (Saclay Toulouse Orsay Model for the Analysis of Terrestrial Ecosystems; Botta et al.

(2000)) for phenology and carbon cycle. ORCHIDEE computes the exchanges between the soil and

plant reservoirs. It provides to LMDZ the surface parameters needed to compute the energy and

momentum ŕuxes at the interface with the atmosphere among which the roughness heights - which

control the turbulent transfer of momentum (z0m) , heat and humidity (z0h) between the surface and

the atmosphere - the albedo and the aridity coefficient β. When coupled to LMDZ, the roughness

heights in ORCHIDEE are by default computed as a function of the leaf area index (LAI) for each

Plant Functional Type (PFT), using the model proposed by Massman (1999) and tested by Su et al.

(2001). The thermal roughness length (z0h) is derived from z0m as follows:

z0h =
z0m

exp(κB−1)
(4.6)

where B−1 is the inverse Stanton number of heat transfer Su et al. (2001) and κ = 0.41 is the Von

Kármán constant. z0m is usually higher than z0h due to the fact that heat and humidity transfer are

dominated by molecular diffusion, while the momentum transfer is mostly controlled by pressure

forces (Garratt and Hicks (1973); Su et al. (2001)).

4.2.2.3 Configuration of the simulations and introduction of a bulk parameterization of irri-

gation

In our simulations, we ran LMDZ with the 79-level vertical discretization used for CMIP6 and with a

64x64 horizontal grid centered on the Haouz plain (7.58 °W, 31.66 °N). The resolution at the center

of the domain reaches 25 km x 25 km (Fig. 4.1). We apply nudging towards ERA5 reanalysis on

the temperature, humidity and wind őelds (as in Coindreau et al. (2007); Diallo et al. (2017); Vignon

et al. (2018)) as follows:
∂X

∂t
= F (X) −

X −Xa

τ
(4.7)

Where X is either the temperature T, the speciőc humidity Q, the zonal and meridional wind U,V.

F(X) is the operator describing the dynamical and physical processes that determine the evolution of

X. Xa is the equivalent őeld from ERA5 and is the relaxation time that controls the nudging intensity

(Coindreau et al. (2007); Vignon et al. (2018)). We make the relaxation time vary from a small

value (τmin = 6h) outside the zoom to a large value ((τmin = 240h)) inside the zoom such that the

simulated őelds over the Haouz plain are fully governed by the model physics and dynamics. We use

the exact same physics conőguration as the one developed and calibrated for the CMIP6 exercise, i.e.

the so-called 6A version (Cheruy et al. (2020); Hourdin et al. (2020b)).

Simulations are performed for the period of available in-situ data (2000ś2009). The őrst 2 years
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- which correspond to the spin-up time - are not included in the analysis. The vegetation in the land

surface model ORCHIDEE is categorized into 15 Plant Functional Types (PFTs), including bare soil,

which share similar structural properties (Lurton et al. (2020)). PFTs are classiőed into eight forest

classes, six grass/crop classes and the bare soil, with a varying partitioning at each grid cell. The

default partitioning of land cover in grid cells corresponding to each of the studied stations is shown in

Fig. 4.3. It is worth noting that the Agdal and Agafay weather stations are set-up in olive and orange

orchards whose surface area is smaller than our 25 km x 25 km grid mesh size. Therefore, we carefully

designed a methodology enabling the model-observations comparison of the full corresponding grid

mesh. Hence two simulation setups are considered: (i) the őrst one with the model’s standard physics

and land use map (STD); (ii) the second one with updated land use (CTRL) in which we set a unique

PFT in each of the three grid cells corresponding to the 3 stations, the chosen PFT corresponding to

the type of cultivation at the station (i.e Temperate Evergreen Broadleaf forests for Agdal and Agafay,

and C3 crops for R3).

Note that in CTRL simulation, we only modify the vegetation cover in the mesh, not the soil

texture, although soil properties also modulate the intensity of heat and water ŕux in the ground. In

ORCHIDEE, the soil properties are taken from the prevailing soil texture (inferred from the Zobler

(1986) map) within each mesh. At Agafay and Agdal, in situ observations show that the dominant soil

texture is the łsandy class’, which is consistent with the soil properties prescribed in ORCHIDEE for

the corresponding meshes. At R3 close to the Atlas foothills, a dominant clay fraction is observed (Er-

Raki et al. (2007)) which contrasts with the prevailing ‘sand’ category seen by ORCHIDEE. We have

therefore run an additional simulation (CTRL-Txt, see Figs. 6.11, 6.12 and 6.13 in the supplement)

in which we have changed both the vegetation cover (as in CTRL) and the soil texture (prescribing a

prevailing clay texture at the R3 model grid point). This simulation is presented in the supplementary

materials but the key message here is that the differences between CTRL and CTRL-Txt at R3 in

terms of near surface climate are very weak and that all the main conclusions drawn from the CTRL

simulations also hold from CTRL-Txt.

The three stations R3, Agdal and Agafay are located in croplands that are intensively irrigated all

year long. One can question a possible modulation of the local meteorological őelds by the irrigation

process and therefore question the importance of accounting for irrigation in models to simulate the

near-surface climate in the Haouz plain. Although parameterizations of irrigation have been developed

for ORCHIDEE (e.g., De Rosnay et al. (2002); Arboleda-Obando (2023)), none is operational when

ORCHIDEE is coupled to LMDZ and therefore applicable in our simulations.

To assess whether accounting for irrigation may improve the simulations, we implemented a coarse

and őrst-order parameterization to roughly represent the effect of the drip irrigation on the soil moisture

over the Haouz plain crops. It consists in nudging the soil moisture SM in the 10 cm below the surface

towards the saturated value of SMs when SM drops below a fraction x1 of SMs :

dSM

dt
= −

SM − SMs

τ
(4.8)

with τ is a typical time scale, dt is the surface model time scale. The nudging stops when SM becomes
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greater than x2 SMs. x1 and x2 were set to 0.2 and 0.8 for our sensitivity experiments. We further

set τ=6h since it is a reasonable time scale for the near-surface soil to be humidiőed during drip

irrigation over the Haouz plain. Note that the nudging formulation of Eq. 4.8 does not enable us to

capture the exact timing of irrigation events. Importantly, this parameterization does not intend to be an

effective and elaborated irrigation parameterization, but a 1st order approach to assess 1st order effects.

Figure 4.3: Overview of the ORCHIDEE default grid cell land cover (a) and the updated one consisting
of 100% of Forest in Agdal and Agafay and Crops in R3. The percentage of each type of land cover
in each station grid cell is listed in the table (b) as simulated by the model (left panel) and the adapted
one (right panel).
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4.2.2.4 Observation-model comparison

Model evaluation is performed by comparing each station data to the nearest model grid point output

(right panel in Fig 4.1). To take into consideration each station’s elevation mismatch with its corre-

sponding model grid box in model-observations comparisons, we use a moist lapse rate of 6.5 K K−1.

For wind speed, as the observation height is less than 10m (Table 4.1). We extrapolate the simulated

10-m wind speed assuming a logarithmic wind proőle, based on the Monin-Obukhov Similarity theory

in neutral conditions. The wind speed at a height h is given by:

U(h) =
log(h/z0m)

log(10/z0m)
× U10 (4.9)

Where z0m is the aerodynamic roughness height, U is wind speed and U10 is the wind speed at 10

m height. In addition, the őfth generation of the ECMWF Reanalysis (ERA5, Hersbach et al. (2020))

is used to compare and discuss the model’s performance with respect to a reanalysis product. Note

that none of the LMI network data is assimilated by ERA5, but we include it in our analysis as it serves

as a reference dataset frequently used for climate assessment in Morocco.

The observed surface albedo is calculated as the ratio of the upward radiation to the downward surface

radiation above the canopy between 08h and 17h local time (LT). Reference observed skin surface

temperature is calculated from downward and upward longwave radiative ŕux measurements above

the canopy using the Stefan-Boltzman law and assuming a surface emissivity value of 1. Furthermore,

an evaluation of the simulated aerodynamic roughness height z0m is also conducted by comparing

it with observations. These latter are estimated using sonic anemometer measurements of the wind

speed and friction velocity u* and applying the MO similarity theory for wind speed proőle:

U(z) =
u∗
κ

[ln((z − d)/z0m) − ψ((z − d)/L)] (4.10)

where z is the measurement height, d is the displacement height, assumed equal to 2

3
of the canopy

height (Foken (2008)). L is the MO length (Monin and Obukhov (1954)) and ψ is the integral of the

stability function for momentum (Foken (2008)). Note that the evaluation of the roughness height is

challenging, since the measured z0 may include contributions from upstream areas advected at the

measurement site, which is not accounted for in the model (Fesquet et al. (2009)). As MO theory

is strictly valid in stationary and near-neutral conditions, a pre-selection of the wind data has been

performed following Vignon et al. (2017) (see their Appendix A). In Agdal, given the station’s position

within the orchards (Ezzahar et al. (2007)), we considered the measurements corresponding only to

northerly and north-westerly winds.

Unfortunately, no observational values for z0h could be properly estimated. In fact, determining reliable

z0h from single sonic anemometer measurements is delicate since on one hand, the estimation errors

in near-neutral conditions are large and on the other hand, z0h values estimated far from neutrality are

strongly dependent on the choice of the stability functions (Vignon et al. (2017)).

56



CHAPTER 4. MODELING THE SURFACE CLIMATE AT THE HAOUZ PLAIN

4.2.3 Results and discussion

In this section, we őrstly evaluate the model outputs from the STD simulation and then discuss the

model-observation comparison with updated land cover before running different sensitivity tests to

explore the main identiőed biases.

4.2.3.1 Near surface meteorological fields

A. Overview analysis of the STD simulation

Observed and simulated mean diurnal cycles of averaged near-surface temperature (T), relative

humidity (RH) and wind speed (U) are compared at the three stations: Agdal, R3 and Agafay (Fig.

4.4). The ERA5 reanalysis is also plotted as an indication. In this paragraph, the analysis will focus

on the model STD simulation (orange curves in Fig. 4.4).

The observed minimum temperature occurs around 5:30 (LT) ś 7:30 LT and the maximum around

15:30 LT. The average diurnal temperature range is around 12°C in R3 (Fig. 4.4.d) and reaches 15°C

in Agdal and Agafay (Figs. 4.4.a, 4.4.g). The lower diurnal temperature in R3 when compared to the

other stations is explained by the considered season at this station (winter and spring). Let’s recall that

the time periods considered for each station are different (Sect. 2.1). The daytime temperature is well

captured by the model while ERA5 reanalysis exhibits a cold bias that reaches 4 K in the afternoon

in Agdal. Saouabe et al. (2022) also reported a similar bias in air temperature in a 53-year study

period from 1967 to 2020 over Tensift basin. Nighttime temperature is well simulated in Agdal with

differences less than 0.5 K. However, the model shows a pronounced warm (+2 K) nocturnal bias in

R3 and Agafay, which leads to an underestimated diurnal temperature range.

The relative humidity signal reŕects that of the temperature and LMDZ-ORCHIDEE exhibits a

pronounced low bias during night-time. Differences with observations range from -12 to - 20%.

ERA5 őts well the observed RH during nights in Agdal and R3, however, an underestimation emerges

during daytime at R3 and Agafay.

The average diurnal cycles show also that the STD simulation overestimates wind speed during day

and night in Agdal and Agafay (Figs 4.4.c, 4.4.i) with positive differences reaching 1.5 to 2.5 ms−1.

Daytime differences are strongest during summer (Fig. 4.5) and the maximum occurs around 19:00 LT.

An opposite behavior is noticeable at R3 station (Fig. 4.4.f) with a wind speed that is underestimated by

up to -1.5ms−1 in the afternoon. Note that the land cover varies between the studied sites, with wheat

in R3 and trees in Agafay and Agdal (oranges and olive orchards). Note that the model-observation

differences evidenced at R3 in terms of temperature, relative humidity and wind speed are qualitatively

similar at the two other wheat-covered stations Graoua and Chichaoua. At this stage, it is difficult

to know whether the model-observation differences are due to model physics shortcomings or to the

representativeness of station observations with respect to the size of the corresponding mesh. Hence,

we will now analyze the CTRL simulation in which the land cover is modiőed in the whole grid cell

to better represent the vegetation type surrounding the corresponding station.
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Figure 4.4: Mean diurnal cycle of T, RH and U over Agdal, R3 and Agafay stations. The black line
shows observations, the orange line the standard simulation (STD), the red line the control simulation
(CTRL) and the green one represents ERA5. Shadings denote the variability over the measurement
period for each station (±σ). Note that the mean and standard deviation are calculated for each hour
over the full measurement period for each station.

B. Analysis of the CTRL simulation with adapted land use for more consistent model-

observation comparison

The comparison of the most relevant surface parameters for the surface-atmosphere coupling -namely

the albedo and the roughness height - between the CTRL and STD simulations is given in Table 4.2.

Overall a better agreement with observation in the CTRL set-up is noticeable for the two quantities. In

particular, the CTRL simulation shows a closer-to-observation surface albedo value at the three sites

owing to the removed bare soil fraction in the station grid cells, mainly in Agdal and Agafay where it

was initially around 30% and then decreased by 50%.

The average diurnal cycle of T, RH and U of the updated land use simulation (CTRL) in Agdal, R3

and Agafay grid cells are shown in Fig. 4.4 (red curves). Overall, temperature and relative humidity

show no signiőcant change in the CTRL simulation wrt to STD at the three stations. Fig. 4.5 further

shows the mean diurnal cycles separately for summer (JJA) and winter (DJF) seasons at Agafay station

(similar Figures for Agdal and R3 are provided in the supplementary material: Figs. 6.1,6.2). While

T and RH show no substantial differences with the STD simulation, the wind speed in the CTRL

simulation is signiőcantly weaker and even underestimated at Agdal and Agafay stations. This is
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consistent with the much lower z0m values in the CTRL conőguration at these two stations. In the

STD conőguration, as the forest percentage only equals 3% and 1% in the Agdal and Agafay grid

cells respectively, the mesh-averaged roughness height is much lower than the measured local one

(Table 4.2). Conversely, the wind speed in CTRL is stronger at R3, where z0m is higher than in

the STD simulation for which the mesh-averaged roughness height is signiőcantly higher than the

observed one owing to a substantial forest percentage (17%) in the mesh. Overall the mean diurnal

cycles of wind speed in CTRL are in better agreement with the local observations at R3 station than

in STD (Fig. 4.4 and Fig 4.6). Although the CTRL set-up has improved the model-observation

comparison, substantial biases in the simulation of the near-surface temperature, humidity and wind

remain. A comprehensive analysis of the surface energy budget is necessary to decipher the remaining

model-observation differences.

Figure 4.5: Mean diurnal cycle of T, RH and U during winter (DJF) and summer (JJA) for 2006-2009
period at Agafay station. The black line shows observations, the orange line the standard simulation
(STD), the red line the control simulation (CTRL) and the green one represents ERA5. Shadings
denote the variability over the measurement period for each station (±σ). Note that the mean and
standard deviation are calculated for each hour over the full measurement period for each station.
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Figure 4.6: Wind speed distribution in observations (black hatches), STD (orange) and CTRL (red)
simulations over Agdal (a), R3 (b) and Agafay (c) stations.

Table 4.2: Observed and simulated albedo and roughness height (median value and interquartile range
in brackets). As z0m spans several orders of magnitude, the median of z0m is calculated as the median
of the distribution of the logarithmic values i.e. the exponential of the median of log(z0m).

z0m[m] Albedo
Station Obs STD CTRL Obs STD CTRL
Agdal 1.29 (0.76) 0.01 (0.02) 1.42 (1.10−3) 0.11 (0.02) 0.26 (0.01) 0.11 (4.10−3)

R3 0.03 (0.07) 0.34 (0.01) 0.10 (1.10−4) 0.19 (0.04) 0.17 (3.10−3) 0.17 (3.10−3)
Agafay 0.16 (0.28) 0.01 (6.10−3) 1.40 (1.10−3) 0.15 (0.03) 0.29 (7.10−3) 0.14 (0.01)

4.2.3.2 Analysis of the surface energy balance and surface temperature

The diurnal cycles of the observed (Obs) and simulated (CTRL) surface energy balance over the

studied stations are shown in Fig. 4.7. Results from the STD simulation are presented in the

supplementary material (Fig 6.6). During daytime, incoming solar radiation reaches a maximum

value of 800 to 900 W m−2 in the model. These values are higher than those observed suggesting a

possible underestimated cloud cover in the simulation. Longwave radiative ŕuxes are well represented

overall the studied sites, although, an overestimated daytime LWup is noticeable, following the skin

surface temperature (Ts) signal. Fig. 4.8 evidences a strong overestimation of Ts during daytime

with differences wrt observations exceeding 5°C. During nighttime, Ts is reasonably well simulated

at the two tree-őlled sites Agafay and Agdal, but it is overestimated at R3 by nearly 2°C. At Agdal

and Agafay, the simulated latent heat ŕux is underestimated by more than 100 W m−2 during daytime

compared with observations. Conversely, the daytime sensible heat ŕux is overestimated in amplitude,

with a bias exceeding 100 W m−2 at Agdal and Agafay at noon. At R3, a similar pattern is noticeable

but the amplitude of the biases are reduced compared to the two other stations. Overall, the strong

overestimation of the Bowen ratio - i.e. the ratio between the sensible and latent heat ŕuxes -associated
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with too warm day time temperatures at the three sites may suggest an underestimation of the soil

moisture leading to a deőcit in evapotranspiration. This aspect will be further discussed in Sect.

4.2.3.4.

Figure 4.7: Average diurnal cycle of downward (SWdn) and upward (SWup) shortwave radiative
ŕuxes, downward (LWdn) and upward (LWup) longwave radiation, the sensible (H) and latent heat
ŕuxes (Le) and the ground heat ŕux (G) at Agdal (upper panel), R3 (middle panel) and Agafay (lower
panel) stations. The left panel represents CTRL simulation and the right one represents observations.
Fluxes are deőned positive towards the surface.
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Figure 4.8: Observed (black curves) and simulated (red curves) skin surface temperature (solid lines)
in Agdal, R3 and Agafay stations. Shadings denote the variability over the measurement period for
each station (±σ). Note that the mean and standard deviation are calculated for each hour over the full
measurement period for each station.

4.2.3.3 Investigation of the near-surface warm and dry nocturnal biases at R3 and Agafay

Amongst the remaining biases in the CTRL simulation, a warm bias at 2 m coinciding with an

underestimation of the relative humidity is noticeable at R3 and Agafay stations (Fig 4.4).

At R3, the overestimated nocturnal air temperature is associated with an overestimated skin surface

temperature (Fig. 4.8.b) which is mostly attributed to an overestimation of the nighttime ground

heat ŕux (Fig 4.7.c). The latter can be explained by the strong overestimation of the daytime surface

temperature and ground heat ŕux and to the subsequent excess in heat storage in the soil. This aspect

is further investigated in the next section.

The explanation of the nocturnal warm bias at R3 also holds for Agafay station (see Fig 4.7.e.f and

8.c). However, a strong overestimation of the surface-based temperature inversion (Ta - Ts) is also

noticeable at the latter station (see red line in Fig 4.9.c) thereby questioning the representation of

the surface-atmosphere thermal coupling. The thermal coupling is controlled by the intensity of the

surface turbulent sensible heat ŕux whose amplitude is underestimated during nighttime in the CTRL

simulation at Agafay (Table 4.3). Such an underestimation can be - at least partly - explained by the

underestimation of the near surface wind speed at Agafay in the CTRL simulation (Fig. 4.4.i) and

linked to an overestimation of the surface wind drag. The latter strongly depends on the roughness of

the terrain which is parameterized with the momentum (z0m) and thermal roughness heights (z0h), see

Eq. 5. Table 4.2 shows that the z0m in the CTRL simulation - which depends on the LAI following Eq.

1 - is signiőcantly overestimated at Agafay compared to observations. We have therefore performed a

sensitivity test (CTRL-z0 simulations) in which we prescribe the z0 values. We set z0m to the mean

observed value (Table 4.2) for each station grid point and prescribe z0h=z0m/10 ratio that is commonly

used for uniformly vegetated surfaces (e.g., Sandu et al. (2012)). The new values of z0m and z0h are

shown in Table 4.3. In this new simulation (CTRL-z0), we obtained a more realistic wind speed (see

blue line in Fig. 4.9.c), albeit slightly underestimated during nighttime, with differences lower than

0.25 m s−1. However, the biases in nighttime 2m temperature and relative humidity as well as the
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amplitude of the surface-based temperature inversion are only slightly reduced (Fig. 4.9.a, b, d). It

is worth noting that the skin surface temperature remains similar between CTRL-z0 and CTRL (not

shown).

Increasing the value of z0h (or the ratio z0h/z0m) may help further enhance the intensity of the thermal

coupling and reduce the amplitude of the surface-based inversion but calibrating more precisely this

parameter in our case is delicate since we do not have any reliable observational reference.

Table 4.3: Median and interquartile values of thermal roughness length and sensible heat ŕux at 01:30
LT as simulated by STD, CTRL and CTRL-z0 conőgurations in Agafay station. As z0m and z0h

span several orders of magnitude, their median is calculated as the median of the distribution of the
logarithmic values i.e. the exponential of the median of log(z0m).

z0m[m] z0h[m] H [W m−2]
Station Obs CTRL CTRL-z0 CTRL (.10−4) CTRL-z0 Obs CTRL CTRL-z0
Agafay 0.16 1.40 0.14 5.8 0.01 -5.84 -3.54 -3.16

(0.39) (0.01) (0.03) (0.6) (0.003) (5.59) (7.01) (6.07)
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Figure 4.9: Mean diurnal cycle of T (panel a), RH (b) and U ( c), with near-surface vertical proőles of
temperature over Agafay station at 01:30 LT (d). The black line shows observations, the red line the
control simulation (CTRL), the blue line the simulation with prescribed z0 (CTRL-z0) and the green
one shows ERA5.

4.2.3.4 Investigation of the surface dry bias and diurnal warm bias

The most pronounced biases that remains in the CTRL and CTRL-z0 simulations at the three stations

is the low bias in RH and evaporation, the overestimation of the daytime surface temperature, as well

as the overestimation of the Bowen ratio i.e. the ratio between the sensible heat ŕux (H) over latent

heat ŕux (Le) during daytime. Such bias is associated with a deőcit in soil moisture (Fig. 4.10),

which itself may result from an underestimation of the input of soil water, namely precipitation and/or

irrigation. Rainfall is relatively well captured near the Atlas piedmont at R3 but it is underestimated

at Agafay and Agdal during the entire study period (Table 4.4). Differences in winter precipitation -

which mostly originates from large-scale weather systems - exceed 0.7 mm day−1 at Agafay, and reach

0.3 mm day−1 at Agdal. Investigating the origin of the winter precipitation bias is beyond the scope of

the present study and exploring the ability of LMDZ-ORCHIDEE to reproduce the main circulation

patterns that drive precipitation in Morocco is tackled in Bahlane et al. (in revision). During summer,

differences in precipitation vary from - 0.04 in Agafay to - 0.3 mm day−1 at Agdal. It is worth
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mentioning that summer precipitation events in the Haouz plain are mostly related to the development

of deep wet convective systems over the High Atlas Mountains (thunderstorms or showers) (Bell

et al. (2022); Born et al. (2010)) that propagate over the plain in a second phase. The model simulates

reasonable convective precipitation in summer but it remains localized over the high Atlas, particularly

to the north of the Haouz plain (See Fig. 6.7). Despite an elaborated triggering scheme (Rio et al.

(2013); Rochetin et al. (2014)), the deep convection parameterization in LMDZ does not allow for

the horizontal propagation of deep convective systems from one mesh to its neighbor. This can be

particularly detrimental for simulations with horizontal resolutions around a few tens of kms and may

explain part of the lack of precipitation over the plain in our simulations. However, the deőcit in

precipitation cannot completely explain the underestimation of near-surface soil moisture throughout

the year (see Fig. 4.10) which is noticeable at the three stations. Let’s recall that the Haouz plain is

an agricultural region with intensive use of irrigation. In a study based on simulations with the IPSL

model, Mizuochi et al. (2021) show that irrigated zones are regions where the model biases in terms of

near-surface climate and water cycle are ampliőed owing to the complex hydrometeorological regime.

We therefore analyze a new simulation (CTRL-moist) which is similar to CTRL-z0 but in which we

activate the őrst-order irrigation parameterization presented in Sect. 4.2.2.3.

Soil moisture at 5cm depth increases by up to 0.1 m3 m−3 with respect to CTRL-z0 simulation

(Fig. 6.7), and leads to an increase in latent heat ŕux by up to 70 W m−2 during daytime as well as

decrease in sensible heat ŕux (Fig. 4.11). Similar results hold from R3 and Agafay stations (see Figs.

6.8, 6.9).

The increase in evaporation results in cooler daytime surface and 2 m temperatures as well as

higher relative humidity by up to 10% and a decrease in speciőc humidity by 1. 10−3 kg kg−1.

However, it does not help reduce the overestimation of SWdn which invites for a deeper evaluation of

the model in the region in terms of convective boundary-layer dynamics and cloud parameterization.

Further measurement systems giving access to vertical proőles of meteorological variables, such as

radiosondes or remote-sensing instruments could help gain further insight into the thermo-dynamical

structure of the boundary layer above the plain. Results also show an increase in local precipitation

associated with the increase in evapo-transpiration which may suggest a local recycling of water as

already noticed for other arid areas (Cheruy et al. (2013); Koster et al. (2004)). Overall, the results

of this sensitivity test emphasize that the dry and warm bias at the surface and the underestimation of

evapotranspiration at the station locations in our CTRL simulations is partly explained by a lack of an

irrigation parameterization.
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Figure 4.10: Soil moisture at 5 cm depth in R3 and Agafay stations grid cells for observations (black),
ERA5 (green), CTRL (red) and CTRL-z0 (blue) simulation. The black arrows indicate the days with
effective irrigation.

Table 4.4: Observed and simulated annual and seasonal averaged precipitation at the three stations
during the study periods. Note that no measurements for the JJA period are available at R3.

Total average Agdal Agafay R3

(.10−1 mm day−1) (10/2002 - 11/2004) (09/2006 - 12/2009) (01/2003 - 05/2003)
Obs 5.48 5.60 6.08
STD 1.38 1.78 5.17

Year CTRL 1.94 2.14 6.36
CTRL-z0 2.67 2.19 6.71

Era5 4.15 3.02 5.38
Obs 4.16 9.42 5.42
STD 1.76 2.15 5.93

DJF CTRL 1.76 2.02 6.78
CTRL-z0 2.12 2.75 6.44

Era5 2.71 3.02 3.56
Obs 4.27 1.51 -
STD 0.51 1.31 -

JJA CTRL 1.40 1.09 -
CTRL-z0 2.87 1.16 -

Era5 0.28 0.65 -
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Figure 4.11: February 2003 evolution of Mean diurnal cycles of 2m temperature T, skin surface
temperature Ts, Le, H, SWdn and RH in Agdal station from model simulations (CTRL-z0 in blue and
CTRL-moist in brown), ERA5 (green) and observations (black). Note that the time in the Figures is
in UTC time zone

4.2.4 Summary and conclusions

The ability of climate models to simulate the near-surface climate is generally insufficiently assessed

over Africa, particularly owing to the scarcity of meteorological observatories. This can question to

a certain extent the climate projections over the continent, especially over the Maghreb, a hotspot of

the current climate change which is experiencing a pronounced drying trend. In this paper, we use an

original dataset of in situ meteorological observations collected over the Haouz plain in Morocco to

assess the ability of LMDZ-ORCHIDEE GCM - the atmospheric and land surface component of the

IPSL Coupled Model actively involved in the CMIP exercises - to simulate the near-surface climate

and the land-atmosphere coupling in semi-arid agricultural African plains. The model is run in a

nudged and zoomed conőguration which allows for a direct comparison between observations and

simulations.

The analysis of the standard (STD) simulation revealed a 2 m nocturnal warm bias at R3 and Agafay,

and a dry bias at all the stations as well as an overestimation (resp. underestimation) of the wind speed

at the tree-covered (resp. wheat crop covered) stations. However, it is difficult to conclude from such an

analysis if the model-observation differences are due to genuine model physics shortcomings or to the
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non-representativeness of station observations with respect to the size of the corresponding mesh. Our

control (CTRL) conőguration, which incorporates speciőc land cover characteristics corresponding

to each station’s vegetation, exhibits similar 2 m nocturnal warm and dry biases over R3 and Agafay,

but it shows a more realistic wind speed at R3 in the middle of wheat crop őelds. At Agdal and

Agafay - with olive and orange cultures respectively ś the prescribed Evergreen Broadleaf forests PFT

overcorrects the aerodynamic roughness heights and produces overly weak wind speeds.

The analysis of the surface energy budgets reveals i) an overestimation of the downward shortwave

radiative ŕux pointing to a possible underestimation of cloud cover; ii) a strong underestimation of

the turbulent latent heat ŕux coinciding with an overestimation of the sensible heat ŕux and too warm

daytime skin surface temperatures.

Further sensitivity experiments made it possible to identify the causes of the major remaining biases

in our simulations that can be summarized as follows:

- The 2m warm nocturnal bias at R3 station is attributed to the excess in daytime soil heating while

a too strong nighttime thermal decoupling also explains part of the bias at Agafay. This point in fact

questions the parameterization of the roughness height - and more generally of the surface drag - over

Evergreen tree crops such as orange trees since neither parameters typical of low (C3 or C4) crops nor

those of typical Evergreen high forest are appropriate.

- The overestimation of the daytime skin surface temperature and the lack of surface evapotranspi-

ration are associated with a strong deőcit in soil moisture over the three types of culture. The latter

is partly explained by a lack of precipitation at Adgal and Agafay and by the absence of an effective

irrigation parameterization in LMDZ-ORCHIDEE for the three sites. In fact, enhancing the model’s

surface moisture through a nudging method mimicking roughly an irrigation process helps simulate

a more realistic evapotranspiration ŕux and daytime skin surface temperatures. Running reliable

regional scenario simulations and carrying out impact studies over Morocco with LMDZ-ORCHIDEE

would beneőt from using a more sophisticated irrigation parameterization such as the one proposed

in Arboleda-Obando et al. (2023).

This study has identiőed and highlighted the processes that should be correctly parameterized to

realistically capture the main feature of the near-surface climate over the Moroccan agricultural plains.

However, a comprehensive evaluation of the boundary layer dynamics in this region including an

analysis of its vertical structure could not be performed, thereby raising the need to deploy observational

systems such as radiosoundings or remote-sensing instruments. Note that the Moroccan weather

services do not operate any routine radiosonde station over the Haouz plain, the nearest station is

located at Casablanca, 220 km north of Marrakech.

In a Moroccan climate study perspective, it is also worth mentioning that our study has not assessed

the performance of IPSL-CM to simulate the large-scale circulation patterns that drive the Moroccan

climate and in particular the precipitation. This aspect has recently been tackled in Balhane et al.

(in revision). Furthermore, our work has stressed the difficulty of evaluating numerical simulations

from a model whose meshes are composed of heterogeneous vegetation cover with in situ station
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data. Note that the ongoing MOSAI project (Modèles et Observations pour les Interactions entre la

Surface et l’Atmopshère, https://anr.fr/Projet-ANR-20-CE01-0018) is tackling this issue, proposing

original evaluation methods and revisiting the formulations of surface turbulent ŕuxes in heterogeneous

meshes.
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4.3 Investigation of the impact of irrigation upon near surface

climate: further analysis

In section 4.2.3.4, we brieŕy analyzed the inŕuence of irrigation parametrization on the near surface

climate of the three studied stations Agdal, Agafay and R3 during the month of February 2003. In

this section we will extend our analysis over the entire study period, with a more detailed analysis -at

diurnal and seasonal scales- of the impact of irrigation on meteorological variables and the energy

budget over the plain.

4.3.1 A more detailed description of the implemented irrigation parametriza-

tion

Irrigation schemes in climate modeling vary in terms of the added moisture as well as the frequency of

its application (Zhang et al. (2017)). It may consist on maintaining constant soil moisture regardless

of water demand (e.g. Harding and Snyder (2012)) or using realistic irrigation data set to deőne

the model’s irrigation locations and water amount (e.g. Sacks et al. (2009); Puma and Cook (2010);

Arboleda-Obando et al. (2023)). Another type consists in using real-time climatic conditions to

determine the irrigation frequency and moisture requirement (e.g., Tang et al. (2007); Pokhrel et al.

(2012); Zhang et al. (2017)). Then, to assess the inŕuence of the drip irrigation on the soil moisture

across the Haouz plain, we developed a őrst order parameterization -derived from the latest category-

that consists in nudging the volumetric soil moisture (SM, m3 m−3) in the 10 cm below the surface

toward a saturated value (SMs) when SM decreases below a fraction x1 of SMs (Figure 4.12):

dSM

dt
= −

SM − SMs

τ
(4.11)

with τ is a typical time scale, set equal to 6h, dt is the surface model time scale. The nudging stops

when SM becomes greater than x2 SMs, such as x1 and x2 are set respectively to 0.2 and 0.8 for our

experiment.

The irrigated domain is shown in Figure 4.13 (the red box), it includes the three stations grid

points Agdal, Agafay and R3, with a unique PFT corresponding to the dominant vegetation cover on

the stations (i.e Temperate Evergreen Broadleaf forests for Agdal and Agafay, and C3 crops for R3)

and with prescribed aerodynamic roughness height (z0m) (table 3.2). The simulations cover the period

2000-2011, with the őrst two years corresponding to the spin-up time. Here, the reference simulation

is noted PRSNT and the one with activated irrigation is noted PRSNT-Irr.
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Figure 4.12: Simpliőed schematisation of the implemented nudging parameterization where soil
moisture is forced to SMs (blue arrows) when it decreases below a fraction x1 of SMs

Figure 4.13: Overview of the irrigated longitude latitude box (red polygon), with the three stations
location in colored symbols. Black points indicate the model grid.
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4.3.2 Diurnal cycle

Over the three studied stations, surface energy budgets are signiőcantly impacted by irrigation. As

shown in panel a in Figures 4.14, 4.15 and 4.16, the magnitude of latent heat ŕux increases by 50

W m−2 during daytime, and by 5-10 W m−2 during nighttime. For sensible heat ŕux, the magnitude

decreases by 15, 25 and 60 W m−2 in Agafay, Agdal and R3 respectively while nighttime changes are

negligible, except for Agafay where it decreases by 1 to 10 W m−2. Indeed, increased soil moisture is

the main driver of the energy shift from the sensible heat towards the latent heat. Figure 4.17 shows the

increased surface soil moisture by around 6% in Agdal and 13% in Agafay and R3 in PRSNT-Irr with

respect to PRSNT which results in a dramatic increased evapotranspiration rates by +0.49 (+74%),

+0.86 (+268%) and +0.77 (+44%) mm day−1 over Agdal, Agafay and R3 respectively (not shown).

In fact, the soil moisture response to irrigation questions the soil characteristics in ORCHIDEE. The

latter may have a weak saturated soil moisture, since peaks during nudging events are constantly less

than 0.3 m3 m−3 over the three stations. The relatively weaker change in soil moisture may also be

explained by the possible effect of soil water retention, especially between the surface and 5 cm depth.

For instance, an intense upward water transfer for evaporation may continuously dry-out the soil.

The enhanced evaporative ŕux leads to cooler skin surface temperatures, Figures 4.14.b, 4.15.b

and 4.16.b show reduced daytime skin surface temperature by -1°C in Agdal and Agafay and by -2°C

in R3. This latter is relatively higher, and is associated with a decrease in sensible heat ŕux and then

the Bowen ratio. In contrast, nighttime skin surface temperature decreases very slightly over R3 (-0.1

°C) and holds inverse result over Agdal and Agafay where it increases slightly (+0.2°C), reducing the

diurnal temperature range (DTR). This may be due to increased soil thermal inertia accompanying

the soil moistening which reduces the nocturnal cooling as demonstrated in Aït-Mesbah et al. (2015)

and Cheruy et al. (2017). Indeed, the ground heat ŕux (G) (panel g in Figures 4.14, 4.15 and 4.16)

increases during daytime by around +10 W m−2 and decreases during nighttime by around -5 W m−2

in Agafay and Agdal, while it is almost unchanged with irrigation over R3. This could be linked with

the increased soil thermal conductivity with irrigation in the tree-covered stations, that enhances the

upward and downward heat ŕuxes in the soil resulting in warmer nighttime temperature that prevents

the cooling effect of irrigation on skin surface temperature. A similar result was also shown in studies

by Kanamaru and Kanamitsu (2008) and Wang et al. (2021).

The surface cooling results in cooler 2m temperatures, particularly during daytime, thus, the

model warm biases are reduced by around 1°C over the plain. Correspondingly, the relative humidity

increases by +5 to 10 % and it is maximal at noon over R3. The resulting colder air, supposed to emit

less longwave radiation to the surface, is compensated by the enhanced greenhouse effect of the moist

air. Thus, LWdn changes with irrigation are smaller (<5 W m−2). On the other hand, upward infrared

radiation decreases by nearly -10 W m−2 as skin surface temperature decreases, resulting in decreased

surface net longwave radiation.

Irrigation increases also vegetation transpiration as a direct response to the extra water in the soil.

As shown in Figure 4.3.2, averaged vegetation transpiration increases by +0.15 (73%), 0.13 (82%) and

0.22 (58%) mm day−1 in Agdal, Agafay and R3 respectively from 2002 to 2011. We also noticed an

increase in the LAI by up to +50% (not shown) in response of an enhanced photosynthesis and plant
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development (Arboleda-Obando (2023)). Therefore, surface albedo is reduced by -0.02 (20%) and by

-0.06 (50%) respectively in Agdal and Agafay with PRSNT-Irr, due to the darker effect of moist soil

and also to the subsequent vegetation growth (Sacks et al. (2009); Jiang et al. (2014)). Thus, changes

in reŕected solar radiation range to -10 W m−2 and to -50 W m−2 respectively in Agdal and Agafay,

reducing the net solar radiation given that incoming solar radiation has not changed with irrigation

in our case. However, in R3 both solar radiation terms remain unchanged with irrigation due to the

unchanged surface albedo. Suggesting that the cloud cover doesn’t change locally.

The net surface radiation (Rn) increases by +60, 20 and 5 W m−2 over Agafay, Agdal and R3

respectively due to irrigation. The Rn excess, partly counterbalanced by the increased ground heat

ŕux, is balanced by the evaporative ŕux at the expense of surface heating in the surface energy balance

(see Eq. 4.4), particularly in Agafay where Le changes magnitude surpasses H. In Agdal and R3, the

respective changes in turbulent ŕuxes are relatively equivalent in magnitude.
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Figure 4.14: 2006-2009 diurnal cycle composite of (panel a): latent (Le) and sensible (H) heat ŕuxes,
b): mean diurnal cycles of 2m temperature (T), skin surface temperature (Ts), c): relative humidity
(RH), d): downward (SWdn) and upward solar radiation (SWup), e): downward (LWdn) and upward
longwave radiation (LWup), f): albedo, g): surface net radiation (Rn) and the ground heat ŕux (G) in
Agafay station from model simulations (PRSNT in orange and PRSNT-Irr in blue) and observations
(black).

74



CHAPTER 4. MODELING THE SURFACE CLIMATE AT THE HAOUZ PLAIN

Figure 4.15: Similar as Figure 4.14 but for Agdal station during the study period 2002-2004
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Figure 4.16: Similar as Figure 4.14 but for R3 station during the study period 01/2003 - 05/2003
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Figure 4.17: Soil moisture at 5 cm depth at R3, Agdal and Agafay stations grid cells for observations
(black), PRSNT (blue) and PRSNT-Irr (orange) simulations. The average of each time series are
shown at the top left of the Figure.

Figure 4.18: Monthly averaged transpiration (mm day−1) over Agdal (red color), Agafay (orange)
and R3 (green) during the 10-year simulaion 2002-2011. Solid lines correspond to the PRSNT
conőguration, dashed lines correspond to the PRSN-Irr.
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4.3.3 Seasonal aspects

Figures 4.19 show the seasonal cycle of solar the meteorological variables (T, Ts, RH and Precip) over

Agafay station during 2006-2009. In this section, the analysis is only focused on Agafay since the

results are very similar at R3 and Agdal.

Simulated monthly averaged downward solar radiation is overestimated in the reference run

(PRSNT) by +50 W m−2 during summer and by around +10 W m−2 during winter (not shown).

In the irrigated conőguration, no change was noted, whereas, the reŕected surface solar radiation

bias previously varying from +10 (in winter) to +25 W m−2 (in summer) in PRSNT is completely

eliminated with PRSNT-Irr. Simulated SWup by this latter őts well the observed one from June to

December, and it is 10 W m−2 lower than OBS in the őrst six months of the year following the surface

albedo changes (not shown) associated with the darker effect of wetter soils on the one hand, and with

the subsequent increased LAI on the other hand.

Latent heat ŕux increases with irrigation by +15 to 40 W m−2 from winter to summer, respectively

(not shown). Reducing the model-observation differences from -100 to -60 W m−2 during summer, and

from -25 to -10 W m−2 during winter. Thus, the PRSNT-Irr exhibits a clearer seasonality, in which the

maximum ŕux rates occur in summer and the minimum in winter, following the temperature cycle. In

fact, without irrigation there was not enough moisture supply to follow the potential evapotranspiration,

as also reported by Zhang et al. (2017). Correspondingly, sensible heat ŕux decreases with irrigation,

but not with the same rate as Le, nor with any particular seasonal pattern. H decreases by around

10 W m−2 throughout the year, maintaining the overestimated aspect and the very strong seasonal

contrast (i.e. summer minus winter average) of +130 W m−2. This latter is around +60 W m−2 in the

observations.

Simulated monthly skin surface and near surface temperature are overestimated by around +1.5°C

during winter (Figures 4.19.a, 4.19.b), and by up to +3°C during summer in the PRSNT. But when the

irrigation is activated, and in accordance with the increased (respectively, decreased) latent heat ŕux

(respectively, sensible heat ŕux), temperature is reduced at an almost constant rate of 1°C throughout

the year, maintaining the model’s seasonality and warm bias. PRSNT-Irr produces also a cooler

surface air, as shown in Figure 4.19, relative humidity increases on average by +5 %.
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(a) (b)

(c) (d)

Figure 4.19: Observed and simulated (PRSNT and PRSNT-Irr) monthly surface and air temperature,
relative humidity and precipitation rate during the period 2006-2009 over Agafay

Irrigation can potentially increase the local and the regional precipitation pattern by increasing

relative humidity and latent heat ŕux that enhances the moist static energy within the convective

boundary layer (DeAngelis et al. (2010); Zhang et al. (2017); Lo and Famiglietti (2013)), in our case,

the change is negligible over the three stations and is even negative (-0.01 mm day−1, -1%) in Agafay

with a mixed seasonal behaviour (Figure 4.19.d). Over the 10-year simulation 2002-2011, it holds

no signiőcant change over the three stations (Figure 4.20). This suggests a possible competing effect

of the surface cooling and the decreased sensible heat ŕux that prevent the PBL growing to trigger

convection, as reported in Marcella and Eltahir (2014); Yang et al. (2016); Zhang et al. (2017).

Besides, a sensitivity analysis was also conducted for the adjacent cells to the irrigated zone to

identify a possible remote effect of irrigation. Results suggest that there is not a signiőcant effect on

precipitation, radiative ŕuxes or meteorological variables.
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Figure 4.20: Monthly averaged precipitation rates (mm day−1) over Agdal (red color), Agafay (orange)
and R3 (green) during the 10-year simulaion 2002-2011. Solid lines correspond to the PRSNT
conőguration, dashed lines correspond to the PRSN-Irr.
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4.4 Chapter conclusions

This chapter aims to evaluate the LMDZ-ORCHIDEE land-surface atmosphere model, in its CMIP6

version, over the Haouz plain using stations with different types of culture.

A standard simulation with a zoom centered over the plain and nudging outside of the zoom area

was implemented, along with sensitivity tests that aimed at addressing the model robust biases. In

fact, we carefully designed a methodology which allows the model-observations comparison despite

the fact that the sites are not representative of the model grid cells. Then, we set a unique PFT in each

mesh, compatible with the station’s vegetation coverage, to disentangle the model biases. Based on the

evaluation conducted, it can be concluded that LMDZ-ORCHIDEE provides a realistic representation

of land-surface atmosphere interactions in the Haouz plain. It simulates reasonably the mean annual

and seasonal patterns of meteorological variables and radiative ŕuxes over the plain. However, an

in-depth analysis reveals some model-observation differences. On the one hand, an overestimated

nighttime 2m temperature over R3 and Agafay is noticed, attributed to the excessive skin surface

temperature exceeding 5K in R3, and to a higher thermal decoupling in Agafay, albeit partly. On

the other hand, a negative evapotranspiration bias and an intense surface heating associated with a

strong deőcit in soil moisture are observed over the three stations. This latter may be partly explained

by insufficient precipitation at Agdal and Agafay, and also by the absence of an irrigation module in

ORCHIDEE for the three stations. Furthermore, the model holds a wind speed negative bias over the

tree-covered stations, slightly reduced when deactivating the dynamical roughness height, questioning

the parametrization of the surface drag in the model.

Incorporating an irrigation parametrization that mimics the drip irrigation in the plain, leads to

substantial increase of daytime latent heat ŕux (+50 W day−1) at the expense of sensible heating.

This latter varies in magnitude between the stations, for instance, in the C3 crops-covered station

(R3), where the surface albedo and the net surface radiation are almost unchanged with irrigation, H

decreases with the same rate as Le. But in the tree-covered stations (Agdal, Agafay), where irrigation

enhances the LAI and increases Rn, H decreases relatively less than Le. Irrigation also leads to a

large cooling effect over the plain, the surface and 2m temperature biases are reduced by 2K and

1K respectively during daytime, in contrast to an opposing nighttime signal, albeit slight, attributed

to increased soil thermal inertia accompanying the soil moistening. The irrigation’s moistening and

cooling effect mainly occurs during the day than night, and during summer than winter.

Although our irrigation parametrization is quite crude, with an artiőcial water supply which is

not fed by surface or groundwater pumping, it has gathered őrst insights on the impact of irrigation

on the surface climate of arid plains, using the coupled land-atmosphere model LMDZ-ORCHIDEE

with a zoom. Therefore, our work has opened up new perspectives for developing a more advanced

irrigation parameterization, such as the one proposed in Arboleda-Obando (2023), but on the coupled

and zoomed conőguration. Then, I am currently collaborating with P. Tiengou to implement the

irrigation module on my conőguration.

81



CHAPTER 5

Climate projections over Morocco: from global scenarios down to

local assessment over the Haouz plain

Contents

5.1 Introduction to the chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 Article. Future of land surface water availability over the Mediterranean basin

and North Africa: analysis and synthesis from the CMIP6 exercise . . . . . . . 84

5.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2.2 Data and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.2.4 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.3 Changing climate in the Haouz plain as simulated by LMDZ-ORCHIDEE . . 99

5.3.1 Numerical design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.3.2 Projected near surface climate over the Haouz plain . . . . . . . . . . . . . 101

5.3.3 Inŕuence of the irrigation parametrization on climate change projections . . 106

5.4 Chapter conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

"Science knows no country, because knowledge belongs to humanity, and is the torch which

illuminates the world."

-Louis Pasteur

82



CHAPTER 5. CLIMATE PROJECTIONS OVER MOROCCO

5.1 Introduction to the chapter

In the previous chapter we assessed the ability of LMDZ-ORCHIDEE to reproduce the present climate

over the Moroccan plains, highlighting the critical roles of irrigation and key coupling parameters such

as the surface drag. We will now focus on future climate projections over Morocco with a particular

emphasis on the Haouz plain.

For this purpose, we will start by conducting a comprehensive analysis of the CMIP6 global

scenarios over the Mediterranean and North Africa. Then, the őrst part of this chapter (section

5.2) includes a paper published in Atmospheric science letters (Arjdal et al. (2023)) that focuses on

the future of land surface water availability over the Mediterranean basin and North Africa. The

supplementary information of the paper is given in Appendix B. In its őrst sections (5.2.3.1, 5.2.3.2),

we present the annual and seasonal patterns of future changes of precipitation, evapotranspiration,

P-E, and surface moisture under the scenarios SSP2-4.5 and SSP5-8.5. Then, we analyze the time

evolution of those patterns over three studied regions; northern and southern Mediterranean basin and

Sahara, with a sensitivity study to the model horizontal resolution (section 5.2.3.3). Finally we make

a comparative study to examine differences between CMIP5 and CMIP6 patterns of change (section

5.2.3.5).

Thereafter, we will regionalize the future scenarios to assess their impacts over the plain, using the

nudged and zoomed conőguration. we conduct an in-depth analysis of the projected near surface cli-

mate over the Haouz plain (section 5.3), using the land-surface atmosphere model LMDZ-ORCHIDEE

with a grid reőnement over the plain and nudging towards a CMIP6 SSP5-8.5 scenario outside of the

zoom area. Section 5.3.1 represents the numerical design of the present and future simulations, then,

section 5.3.2 explores the response of the LMDZ-ORCHIDEE to climate change over the studied sites

Agdal, Agafay and R3. Finally we investigate how the irrigation practices may modulate the evolution

of the local climate in Moroccan plains 5.3.3.
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5.2 Article. Future of land surface water availability over the

Mediterranean basin and North Africa: analysis and synthe-

sis from the CMIP6 exercise

Arjdal, K., Driouech, F., Vignon, É., Chéruy, F., Manzanas, R., Drobinski, P., Chehbouni, A. and

Idelkadi, A. (2023). Future of land surface water availability over the Mediterranean basin and

North Africa: Analysis and synthesis from the CMIP6 exercise. Atmospheric Science Letters, e1180,

https://doi.org/10.1002/asl.1180

Abstract

The Mediterranean basin and Northern Africa are projected to be among the most vulnerable ar-

eas to climate change. This research documents, analyzes, and synthesizes the projected changes

in precipitation P, evapotranspiration E, net water supply from the atmosphere to the surface PśE,

and surface soil moisture over these regions as simulated by 17 global climate models from the sixth

exercise of the Coupled Model Intercomparison Project (CMIP6) under two Shared Socioeconomic

Pathways, SSP2-4.5, and SSP5-8.5. It also explores the sensitivity of the results to the chosen climate

scenario and model resolution and assesses how the projections have evolved from the őfth exercise

(CMIP5). Models project a statistically robust drying over the entire Mediterranean and coastal

North Africa. Over the Northern Mediterranean sector, a signiőcant precipitation decrease reaching

-0.4 ± 0.1 mm day−1 is projected during the 21st century under the SSP5-8.5 scenario. Conversely, a

signiőcant increase in precipitation of +0.05 to 0.3 ± 0.1 mm day−1 is projected over South-Eastern

Sahara under the same scenario. Evapotranspiration and soil moisture exhibit decreasing trends over

the Mediterranean basin and an increase over the Sahara for both SSPs, with a notable acceleration

from the 2020s. As a result, P-E is projected to decrease at a rate of about -0.3 mm day−1 under

the high-end scenario SSP5-8.5 over the Mediterranean whilst no signiőcant changes are expected

over the Sahara due to evapotranspiration compensation effects. CMIP6 and CMIP5 models project

qualitatively similar patterns of changes but CMIP6 models exhibit more intense changes over the

Mediterranean basin and South-Eastern Sahara, especially during winter.

5.2.1 Introduction

Climate projections indicate that the Mediterranean and adjacent Northern Africa are among the most

vulnerable areas to global warming (Almazroui et al. (2020); Lee et al. (2020)), speciőcally regarding

the hydrological cycle (Hanel et al. (2018)) and heat extremes (Seneviratne et al. (2021)). The in-

tensity of climate change in the Mediterranean region and the associated high socio-economical risks

raised the necessity of establishing the First Mediterranean Assessment Report (Cherif et al. (2020)).
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Moreover, the recent sixth Assessment Report of the Intergovernmental Panel on Climate Change

(IPCC) stresses that łthere is high conődence that anthropogenic forcings are causing increased arid-

ity and drought severity in the Mediterranean regionž (Douville and John (2021)). Subsequently,

potential stress on water resources are projected over the Southern Mediterranean region (Prudhomme

et al. (2014)), consistently with a projected decrease in surface water resources in North Africa under

various climatic scenarios owing to precipitation reduction and evapotranspiration increase (Balhane

et al. (2021); Driouech et al. (2010); Tramblay et al. (2018)). Therefore, assessing the water cycle and

surface hydrology response to global warming in water-stressed areas such as North Africa and the

Southern Mediterranean region is crucial for anticipating consequences on water supplies, agriculture,

and ecosystems (Marchane et al. (2017); Tramblay et al. (2018)).

Global climate models (GCMs), and in particular those included in the Coupled Model Intercom-

parison Projects (CMIP; IPCC (2021)), are commonly-used tools to assess the future effects of climate

change on the water cycle and particularly on the different terms of the surface water budgets. In a

CMIP5 (őfth CMIP phase)-based study, Mariotti et al. (2015) found a signiőcant decrease in mean

precipitation over southern areas of the Mediterranean during winter under a moderate greenhouse gas

emission scenario. Lionello and Scarascia (2018) report a decrease of 4% per degree of warming in

annual precipitation over the Mediterranean area according to CMIP5 models under the high-emission

RCP8.5 scenario. Mariotti et al. (2015) found a precipitation reduction during summer over Spain,

western Northern Africa, and Turkey along with a projected increase in winter evapotranspiration over

Northern Mediterranean land by the end of the 21st-century relative to the 1980ś2005 reference period.

Precipitation (P) minus evapotranspiration (E) (PśE hereafter) represents the net freshwater ŕux

from the atmosphere to the surface as deőned by Byrne and O’Gorman (2015), and is also called łwa-

ter availability.ž PśE drives the water percolation and soil moisture (SM), the run-off, and ultimately

the river ŕow and groundwater recharge. The climatological PśE is close to zero over Mediterranean

(MED hereafter) lands except in Northern areas during winter where P surpasses E (Mariotti et al.

(2015)). CMIP5 projections indicate a general decreasing trend for PśE across MED lands, specif-

ically during summer due to the precipitation decrease over Northern areas (Mariotti et al. (2015)).

Assessing future changes in surface SM is also critical to anticipate the impact of changes of the hy-

drological cycle on several socio-economical activities such as agriculture (Ruosteenoja et al. (2018);

Seneviratne et al. (2010)), especially in arid and semi-arid areas. Over the Mediterranean basin,

CMIP5 models simulate a continuous reduction in total soil moisture during the twentieth century,

and it is expected to persist throughout the 21st-century (Mariotti et al. (2015)).

In addition to GCMs, regional climate models (RCMs) laterally forced with GCMs are also em-

ployed to provide scenarios at higher resolutions over a speciőc area. Climate change impacts across

the MED area have been estimated from RCM simulations in the framework of the Coordinated Re-

gional Climate Downscaling Experiment database (Drobinski et al. (2020); McSweeney et al. (2015);

Tebaldi et al. (2005)). Tuel et al. (2021) underlined the necessity of carefully selecting the GCMs

85



CHAPTER 5. CLIMATE PROJECTIONS OVER MOROCCO

used to force the RCM to properly project the climate over the MED region. Hence the need to select

carefully and analyze the surface water projections and related uncertainties across the Mediterranean

and North Africa from recent GCM simulations.

In this paper, we provide an in-depth analysis and synthesis of the surface water supply projections

from the newly available CMIP6 GCMsÐwhich show considerable improvements in terms of spatial

resolution and physics with respect to CMIP5 (Eyring et al. (2016))Ðover MED and Saharan (SAH

hereafter) subregions. For this purpose, we analyze the quantitative evolution of precipitation, evapo-

transpiration, PśE, and surface SM over those two regions for a carefully-selected set of simulations

and thoroughly discuss the ensemble statistics. Note that evaluating RCM scenarios over MED and

SAH is beyond the scope of the present paper, but our study will help better assess the suitability of

future projections from the last generation global projections as boundary conditions for RCM runs.

5.2.2 Data and methods

We considered 17 GCMs involved in the CMIP6 database (https://esgf-node.llnl.gov/search/cmip6/)

and analyzed the łhistoricalž (1850ś2014) simulations (Eyring et al. (2016)) and the low and high-end

forcing Shared Socio-economic Pathways łSSP2-4.5ž and łSSP5-8.5ž (2015ś2100) simulations from

ScenarioMIP (O’Neill et al. (2016)). The models’ selection was based on the availability of the

following output variables at the time of the study: 2m temperature, precipitation rate, evapotran-

spiration, and surface SM content (top 10 cm) over the period 1850ś2100 (historical + scenarios)

(Table 5.1). Three models considering enclosed marginal seas as łlandž have further been excluded

to avoid inconsistencies in the multi-model land evapotranspiration statistics. Following Agosta et al.

(2015) we have brieŕy assessed the performance of the selected model to simulate the large-scale

climate patterns driving the MED and SAH climate (see Figure 6.23 in Section B of the supplement).

None of the models considered here outperforms or lies outside the others but models with a higher

horizontal resolution generally show better performance in terms of large-scale circulation metrics.

For a thorough evaluation of CMIP6 models over the Mediterranean and African regions in terms of

near-surface climate, we also refer the readers to Babaousmail et al. (2021); Bağçaci et al. (2021);

Seker and Gumus (2022). For the sake of fairness in our comparative study, we selected the available

set of climate models from CMIP5 and its updated version of CMIP6 (Table 6.1). We will also brieŕy

comment on the behavior of the total SM content. SM contents will be expressed as relative rather

than absolute quantities since the soil schemes of the different models and especially their depths vary

(Cook et al. (2020)). Analyses are conducted over the MED and Sahara (SAH) subregions as deőned

for the IPCC’s sixth assessment (Iturbide et al. (2020)), as shown in Figure 5.1.a.

Northern and Southern shores of the Mediterranean Sea are expected to exhibit quite different

quantitative responses to climate change (Tuel et al. (2021)), We, therefore, subdivide the MED sector

into two sub-regions for our analyses: the Northern (N_MED, northern than 35°N) and Southern

(S_MED) Mediterranean (see Figure 5.1).

In order to assess uncertainties and identify robust signals in future model projections, we calculated

the multimodel ensemble mean and variance across models. As the large-scale circulation őelds over
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the MED and SAH regions seem to be resolution dependent (Section B of the supplement), we will

separately consider two groups of models depending on their resolution (Table 5.1): one group for

which the native horizontal resolution is close to ∼100 km and another one for which it is close

to ∼250 km. Given that our work focuses on land, we masked out grid boxes where the land area

fraction is less than 90%. This later has been chosen as a trade-off to conserve the largest possible

study area avoiding retaining meshes at the continent margins for which the evapotranspiration ŕux is

not representative for land surfaces (Figures 6.16 and 6.17). For assessing the statistical robustness of

future changes (or non-changes), we use the nonparametric WilcoxonśMannśWhitney test comparing

future (2071ś2100) and historical (1981ś2010) data for each individual model. An increase or a

decrease is deemed statistically robust if at least two-thirds of the models project signiőcant (i.e., the

p-value of the WilcoxonśMannśWhitney test <= 0.05) changes that agree on the sign. Unlike the

robustness tests used in IPCC (2021), we also consider a constant response to be robust if at least

two-thirds of the models exhibit a non-statistically signiőcant change.

Table 5.1: List and characteristics of CMIP6 models used in this study.

CMIP6 models Original horizontal Run References

resolution (lon×lat)

BCC-CSM2-MR 1.1° x 1.1° r1i1p1f1 Wu et al. (2019)

CAMS-CSM1-0 1.1° x 1.1° r2i1p1f1 Rong et al. (2019)

CESM2 1.3° x 0.9° r4i1p1f1 Lauritzen et al. (2018)

CESM2-WACCM 1.3° x 0.9° r1i1p1f1 Li (2019)

CMCC-CM2-SR5 0.9° x 1.2° r1i1p1f1 Cherchi et al. (2019)

MPI-ESM1-2-HR 0.9° x 0.9° r1i1p1f1 Gutjahr et al. (2019)

MRI-ESM2-0 1.1° x 1.1° r1i1p1f1 Yukimoto et al. (2019)

NorESM2-MM 1.2° x 0.9° r1i1p1f1 Seland et al. (2020)

TaiESM1 0.9° x 1.25° r1i1p1f1 Lee et al. (2020)

CNRM-CM6-1 1.4° x 1.4° r1i1p1f2 Voldoire et al. (2019)

CNRM-ESM2-1 1.4° x 1.4° r1i1p1f2 Séférian et al. (2019)

GISS-E2-1-G 2° x 2.5° r1i1p1f2 Kelley et al. (2020)

IPSL-CM6A-LR 2.5° x 1.3° r1i1p1f1 Boucher et al. (2020)

MIROC6 1.4° x 1.4° r1i1p1f1 Tatebe et al. (2019)

MPI-ESM1-2-LR 1.9° x 1.9° r1i1p1f1 Mauritsen et al. (2019)

NorESM2-LM 2.5° x 1.9° r1i1p1f1 Seland et al. (2020)

UKESM1-0-LL 1.9° x 1.3° r1i1p1f2 Sellar et al. (2019)
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Figure 5.1: Future changes in the 100 km ensemble-mean annual precipitation (mm day−1), evapo-
transpiration (mm day−1), PśE (mm day−1), and surface soil moisture (%) over the Mediterranean
basin and the Sahara under the SSP5-8.5 scenario for 2071ś2100 with respect to 1981ś2010.
The slashes correspond to grid boxes exhibiting nonrobust changes based on the nonparametric
WilcoxonśMannśWhitney test with a 95% threshold.

5.2.3 Results and discussion

5.2.3.1 Spatial patterns of future changes of precipitation, evapotranspiration, P-E, and surface

moisture for the SSP2-4.5 and SSP5-8.5 scenarios

Figures 5.1, 5.2 show the 100 km ensemble-mean annual changes under SSP5-8.5 and SSP2-4.5

scenarios respectively. The projected changesÐcalculated as the difference between the 2071ś2100

and 1981ś2010 periodsÐshow reduced precipitation over MED and all along the Atlantic coasts of

Morocco and Mauritania. Figures 5.1.a, 5.2a show a robust decrease of precipitation reaching -0.4

(-0.3) mm day−1 across the western part of MED and nearly -0.1 to -0.02 (respectively, -0.05 to

-0.01) mm day−1 in the eastern part, mostly in Libya and Egypt for the SSP5-8.5 (respectively, SSP2-

4.5) scenario ensembles. The increase in precipitation over the South-Eastern SAH ranges between
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+0.05 to 0.3 (respectively, +0.01 to 0.3) mm day−1 by the end of the century for high (medium)-end

scenario emission. This concurs with Waha et al. (2017) who showed that a projected northward

shift of the inter-tropical convergence zone (ITCZ) will enhance moisture transfer to the Southern

Middle East and North Africa. CMIP6 models also project a robust northward shift of the ITCZ over

eastern Africa, mostly between May and October (Mamalakis et al. (2021)). Our results show that

precipitation changes are more pronounced under the SSP5-8.5 scenario. Consistently, a statistically

robust decrease in evapotranspiration is also projected over the whole Mediterranean region (Figures

5.1.b, 5.2.b), especially over the Iberian Peninsula (IP) and Northern Africa. The projected changes

range from -0.05 to -0.3 (respectively, -0.01 to -0.2) mm day−1 over Spain, Northern Morocco, Algeria,

and Tunisia, with less intense changes not exceeding ∼ -0.05 (respectively, -0.02) mm day−1 projected

over Egypt, Syria, and Turkey for the SSP5-8.5 (respectively, SSP2-4.5) scenario, in addition to

positive changes (∼+0.02 mm day−1) over Greece and Southern Black sea borders under the medium-

end scenario. As shown in Mariotti et al. (2015), this decrease in evapotranspiration over the MED

region can be mostly explained by the decrease in precipitation that reduces the SM content available

for evapotranspiration. An increase in evapotranspiration (+0.02 to +0.20 mm day−1), corresponding

to a relative change of about +10% to 50%, is projected over SAH, in Southern Egypt, Libya, and

Sudan, for both scenarios.

Regarding PśE (Figures 5.1.c, 5.2.c), there is an overall projected decrease over MED, more

pronounced in the European part. The projected changes range between -0.05 and -0.3 (respectively,

-0.02 and -0.2) mm day−1 over the IP, Italy, and Turkey under the SSP5-8.5 (respectively, SSP2-4.5)

scenario, which corresponds to a relative evolution of approximately -20%. However, Northern Africa

already characterized by a climatological PśE close to zero, exhibits weaker change signals (∼±0.01)

with a slight positive PśE in far south SAH.

Consistently with P and E responses, an overall decrease in SM (Figures 5.1.d, 5.2.d) is simulated.

The projected changes in SM reach -12 (-8)% in parts of Spain, Northern Morocco, and Algeria for

the SSP5-8.5 (SSP2-4.5) scenario. However, large parts of SAH show nonrobust changes especially

under the SSP2-4.5 scenario, while about +10% changes can be pointed out in the far south of SAH

under the SSP5-8.5 scenario. The total SM shows similar evolution (Figure 6.18), with changes from

-6 to -12 (respectively, -4 and -8) % over MED, and from +6 to +20 (respectively, +4 to +14) % over

Southern SAH under the SSP5-8.5 (respectively, SSP2-4.5) scenario, with the strongest change much

more localized in the IP, Italy, Northern Morocco, and Algeria. While PśE is close to zero, the relative

SM changes in North Africa are signiőcant.

Our results thus show a robust decrease in future water availability over MED due to the decreasing

precipitation over the region. However, despite the robust wetting signal for precipitation in South-

Eastern Sahara, a near-zero change in the freshwater ŕux is projected owing to the response of

evapotranspiration. Model ensembles exhibit a general south-to-north soil drying, and the inspection

of the individual models behavior reveals that most models reproduce this general pattern (Figure

6.19), with the exception of the GISS-E2-1-G model that projects extensive drying over the entire

study area.
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Figure 5.2: Same as Figure 5.1 but for the SSP2-4.5 scenario.

5.2.3.2 Seasonal aspects

Since the rainy season in the Mediterranean starts from October and extends to approximately April

(Driouech (2010); Xoplaki (2002)), separate analyses are conducted for extended boreal winter (OND-

JFMA) and summer (MJJAS) for the SSP5.8ś5 scenario. The projected 21st-century precipitation

decrease is especially intense for the N_MED in MJJAS and for S_MED in ONDJFMA. Increases

in precipitation over SAH are twice more intense in summer than in winter (Figure 5.3.a, b). In the

Iberian Peninsula, Turkey, and northwestern Maghreb, the precipitation reduction under SSP5-8.5

scenario (Figure 5.3.a, b) reaches -0.2 mm day−1 to -0.4 mm day−1 during wintertime. While sum-

mertime results point to -0.2 mm day−1 over Northern Maghreb, and exceed -4 mm day−1 in N_MED.

This signiőcant decrease in wet-season precipitation throughout the S_MEDsector is consistent with

previous studies (Diffenbaugh and Giorgi (2012); Tuel and Eltahir (2020)). The increase in annual

precipitation over SAH found in Section 3.1 is most pronounced during summer which concurs with

the study of Almazroui et al. (2020). Summertime changes over SAH vary between +0.3 and + 4

mm day−1. Summertime evapotranspiration signal (Figure 5.3.c, d) follows the precipitation behavior
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with a projected decrease reaching -0.4 mm day−1 over MED and an increase of about +0.4 mm day−1

over South-Eastern Sahara. However, wintertime changes for S_MEDare about +0.2 mm day−1, -0.2

mm day−1 in Northern Maghreb, and around +0.1 mm day−1 in Southern SAH. PśE (Figure 5.3.e,

f) shows an opposite sign between summer and winter over almost the study area, with decreasing

changes over the Mediterranean (∼ -0.3 mm day−1) and Southern Sahara (∼ -0.1 mm day−1) during

winter, and increasing changes during summer (∼ + 0.2 mm day−1) over MED and Southern SAH.

Surface SM (Figure 5.3.g, h) follows the same behavior to a large extent. The projected changes reach

-16 (-8)% during the extended winter (respectively, summer) over Northern Africa, and -8 (-18)%

over the IP, Italy, Greece, and Turkey. Changes across SAH vary from +10% during winter to +14%

during summer.

Results from SSP2-4.5 are shown in Figure 6.20 in the supplement. Seasonal changes exhibit similar

behavior mainly during summer, with reduced intensity, compared to the SSP5-8.5 during winter.

Figure 5.3: As Figure 5.1 but for the extended boreal winter (left panel) and summer (right panel)
seasons under the SSP5-8.5 scenario.
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5.2.3.3 Regional assessment and impact of spatial resolution

a. Time evolution by region

We now examine more in detail the time evolution of P, E, PśE, and SM, spatially averaged over

the N_MED, S_MED, and SAH sectors for the extreme SSP5-8.5 scenario. Figure 5.4 shows the

evolution of the mean annual anomalies and evidences the acceleration of the Mediterranean drying

and saharan moistening from the 2020s. The amplitude of change is generally greater in N_MED

than in S_MED, mainly due to the higher mean annual precipitation in the Mediterranean, which

conditions the evaporation and PśE changes. Figure 5.4 also shows a gradual decrease in SM during

the study period over the entire MED where projected anomalies are around -15% over both N_MED

and S_MED, while the evolution over SAH shows a near-zero trend until the 2000s when a slight

increase of +2.5% emerges.

b. Spatial resolution impact

Given the sharp topographic and land surface-type contrasts of the MED regions, regional-scale

climate change projections in this region are expected to depend on the model resolution (Ashfaq et al.

(2016)). We conduct a preliminary analysis by separating a ∼ 100 km resolution CMIP6 simulation

ensemble from that with a ∼ 250 km resolution.

While the 250 km resolution and the 100 km resolution ensembles agree over the łhistoricalž period

(Figure 5.4), their future projections show statistically signiőcant differences in precipitation, exceeding

0.1 mm day−1 over MED. The lower resolution generally yields more pronounced changes and

intermodel variability over MED, while this behavior is less marked over SAH. For almost all the

studied variables, the intermodel variability increases with time and decreases with resolution for both

shores of the Mediterranean Sea. The differences between the high and low-resolution ensembles also

increased toward the end of the century. Unlike MED, the lowest resolution exhibits less intermodel

variability over SAH. SM signal shows that less intermodel spread characterizes the highest resolution

for almost the entire area. A quite similar behavior is also shown in total SM (Figure 6.22), except

for N_MED, where the 100 km ensemble intermodel variability exceeds that of 250 km. This can be

explained by the higher magnitude of total SM which reaches ∼2000 kg m−2, while it varies from 500

to 800 kg m−2 in the rest of the study area.
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Figure 5.4: Spatially-averaged mean annual changes in precipitation (mm day−1), evapotranspiration
(mm day−1), PśE (mm day−1), and surface soil moisture (%) for the Northern and Southern Mediter-
ranean (N_MED and S_MED) and Sahara (SAH) regions under the SSP5-8.5 scenario. Curves are
constructed by subtracting, for each year in the period 1850ś2100, the mean value for the baseline
1981ś2010. Then, a 10-year running mean is applied to smooth the resulting time series. Bold curves
represent the multi-ensemble mean anomaly of the 100 km (orange) and 250 km (blue) resolutions,
color shadings show the envelope between the maximum and minimum values (light shading) and
between the 25th and 90th percentiles (dark shading). In order to assess the signiőcance of the dis-
crepancies between the two different resolutions, we performed the WilcoxonśMannśWhitney test to
compare 100- and 250 km ensemble time series by dividing the future period into four sub-periods.
The horizontal dotted red curves indicate the sub-periods where the test is signiőcant at a 95% thresh-
old.
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5.2.3.4 Temperature- versus scenario-dependent Mediterranean drying and Saharan moisten-

ing

Our results and previous studies project a strong drying trend over the Mediterranean region and

a substantial moistening trend over the South-Eastern Sahara for the next decades. To what extent

precipitation and evapotranspiration changes may be explained by circulation changes and/or by the

direct response of the hydrological cycle to the increase in global temperature and how this will vary

in time and space remain open questions. Tuel et al. (2021) show that CMIP5 GCMs project the

development of a strong winter anticyclone centered on the Mediterranean Sea that results from a

combination of large-scale shifts in winter planetary waves and to the reduced warming of the sea

with respect to the surrounding lands. This anticyclonic anomaly and the associated dry advection

effect over North Africa and S_MED may explain most of the decrease in precipitation in this region.

Drobinski et al. (2020) also underlined that the aridiőcation over the Sahara and IP cannot be solely

explained by the increase in temperature and that the development of local circulations associated with

the faster increase in temperature over land plays a signiőcant role.

To explore the behavior of the CMIP6 simulations concerning this aspect, we compare the evolution

of the surface water budget under a fastly-warming and a slowly-warming scenario for a given increment

in mean global temperature. The increase in mean global temperature between the 2041ś2070 period

and the 1981ś2010 period under the SSP5-8.5 in the CMIP6 model ensemble (∼2.89 K) is very close

to the increase in mean global land temperature between the 2075ś2100 and 1981ś2010 under the

SSP2-4.5 scenario (∼ 2.90 K). The future change by the mid-century (2041ś2070 vs. 1981ś2010)

for the high-end scenario (left panels in Figure 5.5), compared to the end of the century (2071ś2100

vs. 1981ś2100) for the SSP2-4.5 scenario (right panels in Figure 5.5) is, therefore, assessed for P, E

and the mean surface air temperature for the 100 km resolution ensemble. The overall near-surface

temperature change over MED and SAH is very close between the two ensembles. Over SAH, both

ensembles project a moistening, P and E do not signiőcantly change and the two ensembles do not

show statistically different results except in some parts in the southeast. This suggests that changes in

E and P over SAH are slightly or not scenario-dependent and rather respond to the overall temperature

increase. Regarding the Mediterranean basin, results show statistically different projections of P and

E even if the geographical patterns are qualitatively alike. Changes in P and E are therefore scenario

dependent and cannot be directly related to the net increment of global near-surface temperature.

In line with Drobinski et al. (2020) and Tuel et al. (2021), CMIP6 models thus suggest local land

heating differencesÐsuch as over Morocco (see Figure 5.5.a, b)Ðand changes in circulation likely

superimpose on the overall temperature increase signal to explain the future Mediterranean drying.

Further investigation into those physical and dynamical mechanisms is needed, considering for instance

seasonal aspects (Brogli et al. (2019)) but it is beyond the scope of the present paper.
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Figure 5.5: Mean future changes from the 100 km ensemble of annual surface air temperature (°C),
precipitation (mm day−1) and evapotranspiration (mm day−1). Panels in the left column show the
differences between the 2041ś2070 and 1981ś2010 periods for the SSP5-8.5 while those in the
right column show the differences between the 2071ś2100 and 1981ś2010 periods for the SSP2-4.5.
Hatches indicate grid boxes where the high-end and low-end changes are not statistically different
based on the nonparametric WilcoxonśMannśWhitney with a 95% threshold.

5.2.3.5 Projected changes in CMIP6 compared to CMIP5

Prior to concluding this letter, it is worth examining to what extent our CMIP6-based results differ or

concur with CMIP5 projections. We thus compare CMIP6 and CMIP5 results under high-end forcing

over the MED and SAH regions, with a particular focus on precipitation. Figure 5.6.a shows CMIP6

and CMIP5 differences in future projected precipitation (CMIP6 minus CMIP5). Results show more

intense changes than in CMIP5. This former shows less intense future precipitation increase over

SAH with differences ranging to +0.3 mm day−1. This concurs with Almazroui et al. (2020) who

found intense mean annual precipitation in CMIP6 compared to CMIP5 over Sahara. Differences

in precipitation extends up to -0.2 mm day−1 across the Northern parts of Morocco and Algeria,

Mauritanian coasts, and N_MED. Indeed, Figure 5.6.b shows that CMIP6 and CMIP5 precipitation

changes generally agree on the sign of the change. However, the projected drying is more intense in

CMIP6 over western N_MED, Northern Morocco and Libya, and Atlantic coasts of Mauritanians, the

Saharan moistening is also more intense in CMIP6. Similar results have also been found in previous
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studies (e.g., Chen et al. (2020); Lee et al. (2021)). CMIP6 models project intense globally-averaged

surface air temperature (GSAT) increase in comparison with CMIP5 (Lee et al. (2021))Ðin particular,

due to a higher climate sensitivity of models (Meehl et al. (2020))Ðthe change in several climate

quantities such as large-scale precipitation scales with GSAT signal (Lee et al. (2021)).

Figure 5.6: Panel (a): CMIP6 minus CMIP5 model ensemble projection of mean annual precipitation
change between 2071ś2100 and 1981ś2010. Backslashes indicate the grid boxes corresponding to
statistically insigniőcant differences based on the non-parametric WilcoxonśMannśWhitney with a
95% threshold. The color shading in panel (b) qualitatively shows how the changes of precipitation
projected by CMIP6 models compare with those from CMIP5 models. Dark red (respectively,
dark blue) regions are where CMIP5 models predict a decrease or drying (respectively, increase or
moistening) and for which CMIP6 models predict an even stronger decrease (respectively, increase)
by the end of the century. Light red (respectively, light blue) regions are where the CMIP5 models
ensemble projects a decrease or drying (respectively, increase or moistening) and where the CMIP6
models ensemble projects a less intense decrease (respectively, increase). Green pixels are regions
where CMIP5 models project a decrease or drying and where CMIP6 models project an increase.

5.2.4 Summary and conclusions

CMIP6 models project a robust decrease in precipitation over MED by the end of the century with larger

uncertainty across Southern Morocco and Mauritania. An opposite behavior is projected in South-

Eastern Sahara with a relative increase in precipitation in all models. Evapotranspiration behavior

follows the precipitation pattern with weaker intensity over N_MED, resulting in a negative projected

freshwater ŕux over this region and a near-zero projected P-E over S_MED and Sahara. The future

negative freshwater ŕux over MED may exacerbate existing water scarcity issues, particularly in areas

heavily reliant on agriculture (García-Ruiz et al. (2011)). These changes may also have implications

in terms of wildőre which is already a signiőcant risk in the Mediterranean region (Rovithakis et al.

(2022); Turco et al. (2018)). Interestingly, the projected increase in precipitation over South-Eastern

Sahara does not result in a climatological increase in PśE which means that the net surface water

availability is not projected to increase. This may have important implications for the future of water

resources in this region but this result should be interpreted with caution. In fact, the increase in

evapotranspiration that balances precipitation does not necessarily translate into a net loss of water, it
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may have the potential to support increased plant transpiration leading to a boost in vegetation growth

in the region. The seasonal analysis also reveals a contrasted evolution with a relative increase in PśE

in summer and a decrease in winter, the main rainy season, over North Africa. Such an evolution has

potential implications regarding the adaptation to the future of the water resources in the region, for

instance, rainwater harvesting, water storage facilities, and efficient water management and irrigation

systems.

A preliminary analysis has revealed that the 100 km resolution models project less intense drying

over MED with a less intermodel spread in comparison with the 250 km resolution models. However,

those results should be interpreted with caution since the differences between the two ensembles are

not only explained by the difference in resolution. Further work focusing on scenarios performed with

one given model at various resolutions would help assess in a more robust way the effective sensitivity

to resolution.

A brief complementary analysis suggests a higher scenario-dependency of the hydrological cycle

changes over the Mediterranean than over the Sahara where changes seem more directly related to

the overall global increase in temperature. Moreover, while the CMIP6 model ensemble qualitatively

agrees with the CMIP5 ensemble in terms of precipitation projection, the magnitude of the projected

changes is generally higher in CMIP6, with a more intense drying over MED and more intense

moistening over the Sahara.

Our results allow us to identify robust signals in future model projections over the Mediterranean

and North Africa even though on a regional scale, climate change depends on the ability of models to

properly simulate the main atmospheric circulation patterns. Further studies making use of empirical

bias-corrections methods (Krinner et al. (2020)) would make it possible to further strengthen the

reliability of GCM-based regional projections over the MED and SAH regions. Future scenarios over

North Africa would also beneőt from fostering the development and evaluation of model parame-

terizations and conőgurations speciőcally adapted for Africa, as models are generally insufficiently

developed and evaluated for this continent (James et al. (2018)).
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5.3 Changing climate in the Haouz plain as simulated by LMDZ-

ORCHIDEE

The CMIP6 multimodel mean projects nearly -0.3 mm day−1 and +3K changes in annual precipitation

and air temperature respectively, over the Haouz plain (Figures 5.1.a, 5.5.a) under SSP5-8.5 by the

end of the century. The medium-end scenario (SSP2-4.5) suggests less intense changes, ranging to

-0.2 mm day−1 and +2.9 K in precipitation and air temperature respectively (Figures 5.2.a, 5.5.b). In

this section, we will reőne these projections leveraging our LMDZ-ORCHIDEE model conőguration

zoomed around the plain to make future projections, with a focus on the surface climate.

5.3.1 Numerical design

To assess the future evolution of the near surface climate over the Haouz plain, we use the coupled

LMDZ-ORCHIDEE model, described in chapter 3, with 64 (longitude) × 64 (latitude) grid points, 79

vertical levels, and an horizontal stretched grid reőned over the Haouz plain that yields a grid point

spacing of around 25km in the plain. This conőguration makes it possible to carry out simulations at

a relatively low computing cost while maintaining high horizontal resolution locally. Simulations are

run with the adapted PFTs at each of the three stations grid cells (i.e Temperate Evergreen Broadleaf

forests for Agdal and Agafay, and C3 crops for R3) and constant aerodynamic and thermal roughness

heights (table 3.2). This choice has been made such that the climate simulated over those grid cells

is - as much as possible - representative of the climate over the corresponding crops. Note also that

in all the simulations that we will carry out, we will assume that the type of crop remain the same

throughout the century i.e. we assume no local change in PFT. As irrigation practices may have a

non-negligible impact on the local climate, we will assess the sensitivity to the activation of our simple

irrigation parameterization presented in Section 4.3.

We carried out 4 LMDZ-ORCHIDEE simulations, the reference run for the early 21th century

(2000-2011) is noted PRSNT, the second one for the same period but with irrigation parametrization

is noted PRSNT-Irr. Simulations for the late 21th century (2080-2090) with and without the inclusion

of irrigation are referred to as FTR-Irr and FTR respectively. The initial two years of each simulation

-considered as spin-up time- are excluded from the analysis, limiting this latter to 10 years from

2002 to 2011 for PRSNT and PRSNT-Irr, and from 2082 to 2090 for FTR and FTR-Irr. Statistical

signiőcance of changes between PRSNT and FTR (respectively, between PRSNT-Irr and FTR-Irr) are

tested with the non parametric Wilcoxon-Mann-Whitney test with a 95% threshold (i.e., the p-value

of the WilcoxonśMannśWhitney test <= 0.05).

Following the simulations settings described in section 3.6, all the PRSNT(-Irr) and FTR(-Irr)

simulations are run in a "nudged" mode, in which the large-scale meteorological őelds (wind, tem-

perature, and humidity) are relaxed towards a global model. For present time, as in Chapter 4, we use

the ERA5 reanalysis. For the future simulations, we have to choose one or several CMIP6 scenarios.

As CMIP6 models have various abilities to simulate the large-scale circulation patterns that drive the

Moroccan climate (such as the circulation over the Atlantic ocean, see Balhane et al. (submitted)
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for further details) a őrst approach could have been making a selection of global models based on

climatic scores. Such a selection procedure is often performed to select forcings for Regional Climate

Model simulations. A second approach, that we have chosen, consists in choosing one given global

climate model and to run the so-called ’online biased-corrected simulations’ which aims at removing

systematic biases in ocean sea surface temperature and atmospheric circulation in the model. The

method, proposed and established throughout a series of papers (e.g., Guldberg et al. (2005), Kharin

and Scinocca (2012), Beaumet et al. (2019) and Krinner et al. (2019, 2020)) can be summarized as

follows:

Firstly, a present-day global simulation is set up with the wind components (U,V) nudged towards

ERA5 reanalysis at each model time step as follows:

∂X

∂t
= F (X) −

1

τ
(X −Xa) (5.1)

With the time constant τ chosen equal to 1 day, and Xa is the equivalent reference őeld from

reanalysis interpolated -at each model time-step- on the model grid. Then, the nudging tendencies

(− 1

τ
(X−Xa)) are saved at each nudging time-step (6h in our case) and then time-averaged to calculate

a smooth running mean cycle as follows:

G =
−1

τ
(X −Xa) (5.2)

Secondly, the future simulation is run with the correction terms G added at each model time-step

to the operator F describing the prognostic evolution of the variable X, based on the hypothesis that

the climate model biases are constant from the present to the future period (Kerkhoff et al. (2014);

Krinner et al. (2020)) :

∂X

∂t
= F (X) +G (5.3)

Since we use a land-surface atmosphere model, the ocean boundary conditions (SST and SIC) are

obtained by adding the bias of the simulated SST/SIC by the coupled IPSL-CM6 with respect to the

climatological mean of its corresponding observations (Beaumet et al. (2019); Krinner et al. (2019)).

Bias correction approach improved climate metrics deemed important to represent the large scale

drivers of the Moroccan climate (Balhane et al., (submitted)). Figure 5.7 illustrate the models ability

to simulate the large-scale atmospheric circulation driving the climate over a region that encompasses

Morocco. Bias corrected LMDZ-ORCHIDEE (LMDZOR35kmMar.biasCor in the Figure), the IPSL-

CM model and a set of CMIP6 models are evaluated -with a set of variables characterizing the large-

scale dynamics- by calculating the root mean squared error (RMSE) of the annual and wintertime

averaged variables with respect to ERA5 reanalysis over the 20-50N, 40W-20E longitude-latitude box.

A signiőcant improvement is achieved with the bias-corrected LMDZ-ORCHIDEE in comparison to

the IPSL-CM model, in particular for the T700 bias reduced by more than 2 levels.

In conducting our future simulations, careful attention was given to the quality and accuracy of the

forcing data used. This critical component was meticulously prepared by Adriana Sima, Frédérique
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Cheruy and Étienne Vignon, for whom we owe our gratitude.

Figure 5.7: [Courtesy of F. Cheruy] Normalised RMSE with respect to ERA5 reanalysis of the
following large scale metrics: 850 and 700 hPa air temperature (T850, T700), integrated water vapor
(IWV), 700 and 200 hPa zonal wind (U700 and U200) and 500 hPa geopotential height (Z500)
averaged annually (ann) or during winter (win) of CMIP6 models including IPSL-CM and the land-
surface atmosphere LMDZ-ORCHIDEE. Results from ERA-Interim, JRA-55, NCEP-NCAR and
NCEP-DOE reanalysis are also shown for comparison.

5.3.2 Projected near surface climate over the Haouz plain

Figure 5.8 shows time series of the annual averaged precipitation, maximum and minimum air tem-

perature, and the surface soil moisture from the PRSNT and FTR simulations.

From 2002 to 2011, the annual precipitation average (panel 5.8.a) varies between 0.5 and 0.8

mm day−1 over Agdal and Agafay, equivalent of an annual total of 180 - 290 mm, and between 0.9

and 1.9 mm day−1 over R3 which is roughly twice the former. These differences can be explained

by the proximity of R3 to the Atlas mountain and probable orographic effects. Projected changes

in precipitation show a notable decrease over the targeted area; the FTR signal, with respect to the

PRSNT, is projected to decrease by -0.16 mm day−1 (-40%), -0.23 mm day−1 (-50%), and -0.40

mm day−1 (-30%) over Agafay, Agdal and R3 respectively. These changes are consistent with the

simulated results by CMIP6 models, Arjdal et al. (2023) reported an average decrease of -0.4 ± 0.1

mm day−1 by the end of the century. The seasonal cycle of precipitation in the Haouz plain (Figure

5.9.a) exhibits decreasing patterns throughout the year. During summer, the region experiences its

minimal rainfall, with about 0.25 mm day−1 in the PRSNT, and almost no precipitation in the FTR.

From the early autumn, precipitation gradually increases, transitioning to a relatively wet period,

with up to 2.7 (respectively, 1.6) mm day−1 simulated in R3 and about 0.8 (respectively, 0.4) mm

day−1 in Agdal and Agafay during winter according to PRSNT (respectively, FTR) signals. Then, the
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seasonality of precipitation is projected to decrease with global warming over the Haouz plain, with

a seasonal contrast of around 1.5 mm day−1 in FTR, in comparison with the PRSNT where it ranges

to 2.5 mm day−1 primarily due to the reduction of winter rainfall. This pattern aligns with seasonal

changes documented in Arjdal et al. (2023) (see Figure 5.3.a,b).

The annual average of air temperature in the Haouz plain varies between 19°C and 22°C from 2002

to 2011 (Figure 5.8.b) with higher values registered in R3 relative to Agdal and Agafay, mostly due to

higher minimum temperature (Figure 5.8.c). A clear warming is projected over the three stations, with

4.4 ±0.5, 4.2 ±0.5 and 4.9 ±0.7 °C increase in air temperature expected by 2090 over Agdal, Agafay

and R3 respectively, and both maximum and minimum temperatures are anticipated to experience a

consistent increase throughout the study period ranging to up to +4.6 ±0.5 and +5.5 ±0.9°C increase

projected in Tmin and Tmax respectively. The seasonal cycle of air temperature shown by Figure 5.9.b,

corresponds to the typical cycle of the semi arid regions, with maximum values occurring during the

summer months (> 35°C) and minimum temperatures during winter (around 10°C). Projected changes

hold signiőcant increase in air temperature, with an increment of about 4°C through the entire annual

cycle. Accompanied with reductions in relative humidity (Figure 5.9.c) in FTR ranging to -10%

during almost the annual cycle except during summer when it is expected to slightly increase.

(a)

(b)

(c)
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(d)

(e)

Figure 5.8: Annual average of precipitation (a), air temperature (b), maximum (c) and minimum (d)
air temperature, and surface soil moisture (e) over Agdal (red curve), Agafay (orange) and R3 (green)
during the PRSNT (2002-2011) and the FTR period (2082-2090)

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

Figure 5.9: Seasonal cycle of average precipitation (panel a), air temperature (b), relative humidity
(c) latent heat ŕux (d), upward (e) and downward (f) longwave radiation, downward (g) and upward
(h) solar radiation, at the three sites Agdal (red), Agafay (orange) and R3 (green) during the present
period 2002-2011 (solid lines) and the future period 2082-2090 (dotted-dashed lines)

In accordance with the precipitation decrease, the FTR shows a decreasing surface soil moisture

by 2090 that ranges to -0.008 m3 m−3 in Agafay and to -0.02 m3 m−3 in Agdal and R3, equivalent

of around -6% and -12% respectively (Figure 5.8.e) Similar results have also been reported by Arjdal

et al. (2023). Nevertheless, the projected changes in the underlying soil layers are less signiőcant (not

shown) given that the top soil layer is more sensitive to the evaporative demand (Berg et al. (2016)).

The projected decreasing soil moisture translates into decreasing annual averaged latent heat ŕux by

-20 W m−2 (-30 to -40%) in the three stations, particularly during the growing season in R3 and almost

during the entire year in Agdal and Agafay (Figure 5.9.d), latent heat ŕux changes are also greater

during the day than night (Figure 5.10). Meanwhile, daytime surface sensible heat ŕux is enhanced

in R3 and the differences in the monthly average does not show a substantial seasonal variation (not

shown).

Correspondingly, the increased surface temperature by around 4°C due to climate change also

projects to an increase in the upward longwave radiation ranging to +25 W m−2 at the three stations,

counterbalanced by the reinforced downward longwave radiation which is particularly strong during

summer (+40 W m−2) resulting in a net LW increase in FTR (Figures 5.8.e,f). Projected downward

solar radiation remains unchanged with respect to the PRSNT (Figure 5.8.g), except a slight decrease
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(respectively, increase) of about -10 W m−2 (-3%) that emerges in summer over R3 (respectively, Ag-

dal and Agafay), suggesting unchanged cloud cover despite the enhanced latent heat ŕux. In contrast,

the decreased vegetation coverage due to climate change in the Evergreen Forests-covered stations

increased surface albedo by +0.04 on annual average. Figure 5.11 shows the distribution of surface

albedo as a function of LAI. In the future (stars), the average monthly LAI tends to decrease compared

with the present period (dots) in Agdal and Agafay. At R3, the albedo does not substantially change

between the present and future period (<-0.01). As a result, the upward shortwave radiation tends to

be higher in the FTR over Agdal and Agafay by up to 15 W m−2, during spring and summer, while it

remains constant over R3 with a slight decrease (< 5 W m−2) that emerges during spring followed by

an increase in the same rate in summer.

Climate change over the Haouz plain warms the surface by more than 4K and reduces total

precipitation by up to 0.4 mm day−1, representing roughly 30% of the annual average. Therefore, the

drying surface inhibit evaporative cooling and further dries and warms the lower atmosphere (Feldman

et al. (2019)). These feedbacks could result in persistent drought and heatwaves, particularly in the

absence of a moisture re-supply, such as irrigation (Feldman et al. (2019); Hirschi et al. (2011);

Miralles et al. (2019); Roundy et al. (2013)).

Figure 5.10: a,b): Average diurnal cycle of the sensible (H, solid lines) and latent heat ŕuxes (Le,
dashed lines), (c,d) skin surface temperature minus air temperature (Ts-T) during the present period
(left panel) and the future (right panel) over the three stations. Fluxes are deőned negative towards the
surface.
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Figure 5.11: Monthly averaged Albedo against LAI during PRSNT (dottes) and FTR (stars) over
Agdal (red), Agafay (orange) and R3 (green)

5.3.3 Influence of the irrigation parametrization on climate change projections

The activation of irrigation induces a strong increase of evapotranspiration rate (Figure 5.12.a),

consistently with previous studies (Sherwood et al. (2018); Arboleda-Obando (2023)). Differences

between FTR-Irr and FTR simulations exceed +1.2 mm day−1 over the plain, which represent twice

the projected FTR rate in R3 and around four times the projected one in Agdal and Agafay. These

differences may be partly explained by the increased LAI (see Figure 5.13), this latter is enhanced

with irrigation since the extra water strengthen the plant transpiration (not shown). In the tree-covered

stations (Agdal and Agafay), the simulated LAI increases throughout the year by +50% of the total

average over the studied period, while its increase in R3 occurs only during the growing season and

ranges to +26% (Table 5.2).

Soil moisture also increases with irrigation (Figure 5.12.b) but the effect is not as intense as for

evapotranspiration. FTR-Irr shows a projected increase of +0.02 m3 m−3 (+20%) in Agdal and Agafay

and of +0.01 m3 m−3 (+7%) in R3 with respect to FTR. Likewise, when comparing the projected

FTR-Irr with its corresponding PRSNT-Irr simulation, the irrigation seems to reduce the amplitude of

the projected soil moisture decline from -0.008 m3 m−3 (-6%) in the reference simulation to -0.002

m3 m−3 (-1%) in the irrigated conőguration in Agdal and Agafay, but no signiőcant difference was

shown in R3. Despite the enhanced evapotranspiration and soil moisture rates, the precipitation rate

doesn’t show any response to irrigation in our study, at least locally (Figure 5.12.c).
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(a)

(b)

(c)

Figure 5.12: Annual average of evapotranspiration rate (a), volumetric soil moisture content at 6 cm
(b) and precipitation rate (c) over Agdal (red), Agafay (orange) and R3 (green) during the present
period (2002-2011) and the future period (2082-2090). Solid lines correspond to the PRSNT and FTR
simulations, dashed lines correspond to their respective PRSNT-Irr and FTR-Irr simulations
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Table 5.2: The simulated annual averaged Tsol, Tair, Tmax and Tmin [°C] in the PRSNT and FTR
simulations, with their corresponding irrigated conőgurations in Agdal, Agafay and R3. Interquartile
range in brackets.

Variable Station PRSNT PRSNT-Irr FTR FTR-Irr

Agdal 20.18 (0.49) 19.74 (0.73) 24.67 (0.39) 23.51 (0.75)

Tsol [°C] Agafay 19.98 (0.52) 19.53 (0.85) 24.25 (0.37) 23.40 (0.63)

R3 22.90 (0.27) 21.43 (0.49) 28.50 (1.62) 26.33 (0.66)

Agdal 20.04 (0.47) 19.63 (0.66) 24.46 (0.33) 23.45 (0.68)

Tair [°C] Agafay 19.82 (0.46) 19.45 (0.75) 24.04 (0.41) 23.32 (0.54)

R3 21.08 (0.50) 20.38 (0.55) 25.99 (0.97) 24.97 (0.57)

Agdal 29.75 (0.43) 29.09 (0.48) 34.38 (0.61) 33.11 (0.53)

Tmax [°C] Agafay 29.39 (0.51) 28.75 (0.41) 33.85 (0.66) 32.92 (1.16)

R3 27.83 (0.54) 26.95 (0.41) 33.41 (1.68) 32.38 (1.25)

Agdal 11.76 (0.68) 11.71 (0.89) 16.15 (0.58) 15.54 (0.90)

Tmin [°C] Agafay 11.70 (0.80) 11.77 (0.95) 15.88 (0.39) 15.57 (0.75)

R3 15.06 (0.43) 14.22 (0.48) 16.69 (0.57) 18.34 (0.15)

Figure 5.13: Seasonal cycle of averaged LAI as simulated by FTR (dashed lines) and FTR-Irr (dotted-
dashed lines) at the three sites Agdal (red), Agafay (orange) and R3 (green)

Irrigation induces also substantial changes in surface and near-surface temperature (Table 5.2).

From PRSNT to PRSNT-Irr, the annual mean of skin surface temperature is 0.4 °C (respectively,
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1.5 °C) lower in Agdal and Agafay (respectively in R3), consistently, air temperature cooling varies

between 0.3 and 0.7 °C. However, from FTR to FTR-Irr, the cooling effect is greater, mean air tem-

perature is lower by more than 1°C over Agdal and R3, and +0.7 °C in Agafay when irrigation is

activated. Surface temperature, being the most sensitive to irrigation impact, is projected to decrease

by more than -2°C in R3 and by up to -1.2°C in Agdal and Agafay. The seasonal cycles at the three

stations show that differences in the monthly mean surface and air temperature are particularly higher

in summer than winter. Furthermore, the annual average change in Tmin varies between -0.3 and -0.6

°C in Agdal and Agafay while the registered Tmax changes are much greater (-0.9 to -1.2 °C). This

suggests a stronger irrigation effect during the day than night, hence, a reduced diurnal temperature

range. A similar pattern was also shown in previous studies (Sacks et al. (2009); Jiang et al. (2014)).

In contrast, R3 shows a relatively higher Tmin difference between FTR and FTR-Irr ranging to -1.5

°C, together with decreasing nighttime Tsol.

The surface cooling effect induced by irrigation in the Haouz plain can be directly explained by the

increased latent heat ŕux, partly at the expense of sensible heat ŕux, mainly during daytime. Figures

5.14 and 5.15 shows the diurnal cycle of averaged air and skin surface temperature, relative humidity,

wind speed and the energy budget as simulated by the four studied simulations over R3 (5.14) and

Agdal (5.15). Results from Agafay are not shown since they show similar results with Agdal. From

FTR to FTR-Irr, Le increases by +50 to +75 W m−2 during daytime, and by +25 W m−2 during night,

resulting in cooler temperatures and increased relative humidity by up to 10% over the three stations.

While sensible heating decreases by -50 W m−2 during daytime, and shows near zero changes during

night.

Wind speed (Figures 5.14.f, 5.15.f) is projected to increase with climate change by around +0.5

m s−1, partly due to the reduced aerodynamic roughness height by 0.1 m in Agdal and Agafay, which

may be attributed to the vegetation density decrease. When the irrigation is activated, z0m increases

by +0.15 (respectively, +0.02) m in Agdal, Agafay (respectively, R3). This translates into a systematic

decreasing wind speed in FTR-Irr, less intense in R3.

Regarding the radiative ŕuxes, our results suggest two contrasting behaviours; in Agdal and

Agafay, and consistently with previous studies (Kueppers et al. (2007); Sacks et al. (2009); Jiang et al.

(2014)), irrigation reduces surface albedo by -0.05 (-40%) and decreases the reŕected solar radiation

by around -40 W 2 (-40%) (Figures 5.14.g,h, 5.15.g,h). In contrast, R3 exhibits an opposite, but

negligible, surface albedo change from FTR to FTR-Irr (< +0.001).Solar radiation shows no change

in all the implemented simulations and overall the studied stations, suggesting the absence of cloud

cover response to irrigation despite the increased atmospheric water vapor. The emitted LW radiation

(LWup) (Figures 5.14.j, 5.15.j) is reduced by around -20 W m−2 due to the cooler irrigated surfaces,

combined with a negligible LWdn reduction, resulting in increased surface net longwave radiation.
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Figure 5.14: Diurnal cycle of air temperature, skin surface temperature, relative humidity, wind
speed, sensible and latent heat ŕuxes, shortwave upward radiation, albedo and longwave downward
and upward radiation simulated during the PRSNT (black curve), PRSNT-Irr (green), FTR (brown)
and FTR-Irr (blue) over R3
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Figure 5.15: Similar as 5.14 but for Agdal
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5.4 Chapter conclusions

This chapter aims to assess the future evolution of Moroccan climate as simulated by CMIP6 GCMs,

and then to assess the LMDZ-ORCHIDEE projections over the Haouz plain.

In this chapter, we assessed and analyzed the projected changes in precipitation, evapotranspiration,

net water supply, and surface soil moisture in the Mediterranean and Saharan regions using outputs from

17 CMIP6 models under SSP5-8.5 and SSP2-4.5 climate scenarios. Results evidenced a statistically

robust drying across the entire Mediterranean region and coastal North Africa, where precipitation

is projected to decrease by -0.4 ± 0.1 mm day−1 by the end of the 21st century under the SSP5-

8.5 scenario, resulting in declining trends in both evapotranspiration and soil moisture. A contrasted

behaviour is projected over the Sahara where an increase of up to +0.3 ± 0.1 mm day−1 in precipitation

is foreseen, although, it is compensated by increasing evapotranspiration. It is worth noting that the

CMIP6 and CMIP5 models yield qualitatively similar patterns of changes, but the CMIP6 models

exhibit more pronounced changes over the Mediterranean basin and South-Eastern Sahara, especially

during the winter season.

In order to reőne the projections over the Moroccan plains, we assessed the projected changes

in the Haouz plain, with a particular focus on the near surface climate. We analyzed the future

evolution of the precipitation, temperature and the energy budget terms over the three stations Agdal,

Agafay and R3 using the "zoomed" LMDZ-ORCHIDEE conőguration, and nudging outside the plain

towards a CMIP6 SSP5-8.5 scenario from a bias-corrected IPSL-CM6 simulation. Results show that

air temperature is projected to increase by over 4K in the late 21th century (2082-2090) with respect

to the reference period (2002-2011), as well as a -0.40 mm day−1 (-30%) decrease in precipitation

resulting in up to -12% reduction of surface soil moisture and -20 W m−2 decrease in latent heat

ŕux. With the changes being particularly intense during summer. Furthermore, LMDZ-ORCHIDEE

projects an increase in the 10 m wind speed by around +0.5 m s−1, particularly in the Evergreen

forests-covered stations.

Given the extensive use of irrigation in Moroccan agricultural őelds, and its effects which may

extend beyond local processes, we introduced a őrst-order parameterization within ORCHIDEE to

mimic the irrigation at the Haouz plain and we examined the potential changes in the plain’s near

surface climate. Our results indicate that temperature and the surface energy budget are sensitive to

irrigation. Irrigation leads to a +50 to +75 W m−2 increase in the annual mean latent heat ŕux at the

expense of decreasing sensible heating (-50 W m−2), a decrease of -0.7 to -1K in air temperature, and

a decrease of -1.2 to -2K in skin surface temperature. Furthermore, the surface soil moisture is also

enhanced with irrigation, with +20% increase noticed in the tree-őlled stations (Agdal and Agafay)

and +7% in the C3 grasses-őlled station (R3). Additionally, we őnd that the irrigation’s cooling impact

also leads to a decreased diurnal temperature range.

Irrigation in the Haouz plain mitigates the climate change-induced warming through the dominant

evaporative cooling mechanism. When activating the irrigation, future changes of air temperature

are reduced by 0.4 K, and skin surface temperature by 0.6 K over the three stations, but no major

impact was observed in precipitation or the cloud cover. Nevertheless, Morocco faces increasing water
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shortage risks and the groundwater, which could limit the access to irrigation in the coming years.

The results presented in the section 5.3 are a preliminary work carried out at the end of my thesis

work. The next step is to set up a simulation with the moderate scenario SSP2-4.5, and to carry out a

sensitivity study to the bias correction approach, the land cover evolution and also to the soil texture.
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Conclusions and prospects
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"The most beautiful experience we can have is the mysterious. It is the fundamental emotion that

stands at the cradle of true art and true science."

-Albert Einstein
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6.1 General conclusions on the representation of land-surface

atmosphere interaction in semi-arid agricultural plains in

Morocco

Morocco is among the most vulnerable climate change hotspots, characterized by rising temperatures,

increasing atmospheric evaporative demand and decreasing rainfall. The warming and drying trends

are strengthening in the future according to GCMs involved in the sixth IPCC report, generating

subsequent impacts on socio-economic sectors, notably agriculture. This latter is the major contributor

to the country’s food security. Therefore, accurate simulation of hydrological cycle and surface climate

in Moroccan agricultural areas is necessary, but it is still insufficiently investigated.

In this thesis, we contribute to the improvement of our knowledge of climate models capacity in

representing the near surface climate in Moroccan agricultural plains. We use the CMIP6 GCMs

to assess the future changes in land surface hydrology over Mediterranean and Sahara, then, we use

the zoomed land-surface atmosphere component of IPSL-CM to investigate the processes driving the

surface-atmosphere coupling at local scale, with a focus on the Haouz agricultural plain in Marrakech

region, beneőting from precious in-situ measurements collected by the LMI TREMA. The thesis

objectives were summarised in three questions that I tackled during my PhD:

- Question 1: What is the ability of climate models - and more particularly that of IPSL - to

simulate the near surface climate over the Moroccan semi-arid agricultural plain ?

- Question 2: Which processes control the surface energy and water budgets and how their pa-

rameterization in models are efficient and sensitive?

In chapter 4 of this thesis, we őrstly analyzed the CMIP6 version of LMDZ-ORCHIDEE land-

surface atmosphere model, with its CMIP6 version of the physics, in representing the near surface

climate over the Haouz plain. We leveraged the precious meteorological observations collected over

the Haouz plain, as well as the "zoom" capability of LMDZ to perform a standard simulation reőned

over the plain and nudged outside of the zoom area. Although the monitoring stations are located in

the middle of agricultural őelds, since the sampling of these stations was not necessarily designed for

the evaluation of GCMs, we have proposed an approach to perform more reliable model-observation

comparisons. In each mesh, we set a full coverage with the PFT corresponding to the station’s vegeta-

tion coverage. We also set up a series of sensitivity tests to identify the model’s robust biases. Results

showed that LMDZ-ORCHIDEE simulates the near surface climate over the Haouz plain reasonably

well, but some biases persist. They can be synthesized in the following points:

• Overestimated 2m temperature attributed to higher solar radiation during daytime, and to surface-

atmosphere decoupling during nighttime over tree-covered crops.

• Overly large aerodynamic roughness heights (z0), leading to overly weak wind speeds, at the
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stations with Evergreen Broadleaf forests when setting prescribed PFTs. The bias is slightly

reduced when setting a constant value of z0 corresponding to the mean observed value instead

of the common and default LAI-dependent z0 in the ORCHIDEE land surface model.

• The dry bias associated with underestimated evaporative ŕux and overestimated Bowen ratio, can

partly be attributed to the lack of irrigation parametrization in the surface model ORCHIDEE.

At the very local scale in crops, the surface water budget depends strongly on irrigation. There-

fore, to assess the impact of irrigation on the model performances, we implemented a őrst-order

parametrization in ORCHIDEE to mimic the drip irrigation over the plain, which consists in nudging

the surface soil moisture towards a saturated value when it is below a fraction of this latter. Analysis of

the simulated present-day climate suggests, at the very local scale, substantial changes in the surface

energy partitioning with important increase of latent heat ŕux and decrease of sensible heat ŕux.

Accompanied with a decrease of warm biases by up to 2K in skin surface temperature and 1K in 2m

temperature. Soil moisture biases are also reduced by about 8%. In contrast, precipitation and cloud

cover remain almost unchanged with irrigation. An increase in leaf area index is also noticed, mainly

in the tree-covered sites, as a direct response to the enhanced transpiration, leading to reduced surface

albedo.

- Question 3: How surface climate over the Moroccan semi-arid agricultural plains will evolve in

the future and what is the sensitivity of climate scenarios to the parameterization of local processes

driving the surface-atmosphere exchanges of energy and water?

In chapter 5 of this thesis, we assessed the future climate simulated by the state of the art of

climate models, from the sixth CMIP exercise, in simulating the future climate over Mediterranean

and Saharan region under the high and medium-end scenarios. CMIP6 models project robust reduction

in precipitation over the Mediterranean region with higher intermodel variability noticed in southern

Morocco, these changes are mirrored in evapotranspiration that follows the precipitation pattern but

with less intense signal. In Southeastern Sahara, a contrasting behaviour shows up, the models suggest

increasing precipitation and evapotranspiration. Therefore, the net water supply (P-E) suggests no

change overall the region except the northern part of the Mediterranean where the magnitude of

precipitation changes surpasses that of evapotranspiration resulting in negative P-E change. We also

made a preliminary comparative study to assess the impact of horizontal resolution on the models

response. Results suggest that, compared to lower resolution models (250 km), models with 100

km resolution project a milder drying trend over the Mediterranean region, showing less intermodel

variations. However, this result could not be solely attributable to the differences in horizontal

resolution. A more reliable assessment of resolution sensitivity could be achieved by conducting

additional research that speciőcally focuses on scenarios conducted with a single model at multiple

resolutions. Besides, a brief comparative study demonstrates that CMIP5 models qualitatively agree

with CMIP6 on the precipitation changes over the whole region, however, CMIP6 signal is generally

intense, mainly during winter.
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In the second part of this chapter, we leveraged the LMDZ-ORCHIDEE conőguration developed

in chapter 4. The simulation is nudged, outside of the Haouz plain, to a global bias-corrected

CMIP6 SSP5-8.5 scenario simulation performed with the IPSL-CM model. Since the Haouz plain

-as the majority of agricultural lands in Morocco- is extensively irrigated, we included the irrigation

parametrization presented in chapter 4 in our future scenario. Then, we compared two coupled LMDZ-

ORCHIDEE simulations with and without irrigation for the period 2080-2090. The conclusions

suggest, in the case of non-irrigation, signiőcant warming and drying signal over the three stations,

as well as decreasing surface soil moisture. Indeed, results show signiőcant changes ranging to 4K

in air temperature and up to 4.9K in skin surface temperature. Accompanied with up to -0.4 mm

day−1 (30%) decrease in precipitation. Including irrigation in our simulations helped reducing air

temperature changes by 0.4K, and skin surface temperature changes by 0.6K over the three stations,

with no effect on precipitation or cloud cover. Certainly, maintaining irrigation over the plain in the

future is an obvious choice for food security, but the over-exploitation of water resources combined

with the projected drying trends could induce a halt to irrigation activities.

6.2 Prospects

The present thesis is the őrst evaluation work of LMDZ-ORCHIDEE on the representation of surface

processes in Morocco. The evaluation work was conducted using the Haouz plain in-situ dataset.

Although the latter provides a wide range of meteorological and energy ŕuxes dataset, the repre-

sentativeness aspect of the monitoring stations limits our conclusions. In addition, implementing

radiosoundings or remote-sensing observational systems in the plain could make it possible to explore

the boundary layer dynamics in this region, and then making possible a more comprehensive assess-

ment of the model performances. Then, our őndings open some perspectives we may recommend for

future works, summarized in the following points:

- To overcome the representativeness issue when evaluating the model with in-situ data, we set

a unique PFT for each station’s grid-cell. In fact, the model’s horizontal resolution over the Haouz

plain is around 25km. A model grid-cell with this resolution encompasses a wide variety of land

coverages: the agricultural őelds where the instruments are installed as well as bare soil, deserts

and even buildings. Although our work allowed us to draw conclusions about the representation of

surface-atmosphere interactions over a single surface type, the question of how dealing with the sur-

face heterogeneities in a mesh to compute the mesh-average surface atmosphere exchanges of energy,

momentum and water but also local exchanges over each sub-surface has not been tackled. Note that

investigating the uncertainty and representativeness of the land atmosphere exchanges over heteroge-

neous landscapes is one of the key issues tackled in the ongoing MOSAI1 project (Lohou et al. (2022)).

- The model showed a robust bias in incident solar radiation over the three stations, with signif-

1Modèles et Observations pour les Interactions entre la Surface et l’Atmopshère. https://anr.fr/Projet-ANR-20-CE01-
0018
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icant effects on surface and near-surface temperatures. This aspect questions the representation of

cloud cover in the model, but also, the representativity of the radiation measurement at the mesh

scale stresses the crucial need to acquire remote sensing measurements (Radar/Lidar) for a thorough

characterisation of the cloud cover dynamics over the plain.

- Our őrst order irrigation parametrization has been shown to reduce the modeling biases for the

evaporative ŕux, the Bowen ratio and the near-surface temperature. However, a more rigorous scheme

could take into consideration the water demand and supply as well as the irrigated area as documented

in several studies (e.g., Sacks et al. (2009); Arboleda-Obando et al. (2023)), the timing of irrigation

is not usually prescribed in such studies, it would be retrieved from irrigation dates provided in our

in-situ data. While writing this thesis, I am collaborating with P. Tiengou to implement the irrigation

module on my conőguration. An in-depth evaluation will be then carried out after setting up an

operational conőguration.

- Our research offers valuable insights into the future of climate over the Mediterranean and North

Africa. At the local scale, our "zoomed" and nudged LMDZ-ORCHIDEE towards a CMIP6 SSP5-8.5

scenario from a bias-corrected IPSL-CM6 simulation projects a temperature increase exceeding 4K in

the late 21th century (2082-2090) with respect to the reference period (2002-2011), with a -0.40 mm

day−1 (-30%) decrease in precipitation over the three stations. Therefore, an interesting perspective

is setting up a future simulation with the moderate-end scenario (SSP2-4.5) for a better comparison

of changes intensity. Besides, a sensitivity study of future projections to the use of bias-corrected

IPSL-CM6 for nudging would make it possible to assess the contribution of empirical bias-corrections

methods in improving the models uncertainties reported in Arjdal et al. (2023). Furthermore, our

study suggests a higher model uncertainties in GCMs with lower horizontal resolution (250 km) in

comparison to models with 100 km resolution. The challenge of comparing the impact of horizontal

resolution on the models behaviour could also be addressed through the comparison of several reso-

lutions of the same model.

-Finally, this thesis work focuses on the representation of land-surface atmosphere interactions in

LMDZ-ORCHIDEE, however, other critical aspects for the water balance have not been addressed,

such as the model performances in simulating the large scale circulation patterns driving Moroccan

climate. This aspect is subject of an ongoing thesis work (Balhane (in prep.)). The representation of

the deep convection, and associated rainfall is also critical, particularly during summer, the season

during which precipitation events in the Haouz plain are mostly related to the development of deep wet

convective systems over the High Atlas Mountains (thunderstorms or showers) that propagate over the

plain (Bell et al. (2022); Born et al. (2010)). Therefore, the deep convection triggering by orography

must be then parameterized. Furthermore, our model regional conőguration is actually challenging

for such study, since the horizontal resolution in the zoom area (≈ 20 km) is considered as a łgray

zonež for convection.
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Appendix A: Supporting information for "Modeling land-atmosphere

interactions over semi-arid plains in Morocco: in-depth assessment

of GCM stretched-grid simulations using in situ data"

A. Introduction

This supplementary completes the section 4.2 of the chapter 4 with supplementary Figures. Figure

6.1 shows the studied in situ sites location within the agricultural őelds. Figure 6.2 shows the irrigated

longitude latitude box with respect to the three stations location. Figure 6.3 shows a simpliőed

schematisation of the implemented nudging parameterization. Figures 6.4 and 6.5 show the average

diurnal cycle of meteorological variables (T, RH and U) during winter (DJF) and summer (JJA)

over Agdal and R3 stations respectively. Figure 6.6 shows the observed and simulated average

diurnal cycles of the energy ŕuxes in the three studied regions. Figure 6.7 shows the averaged daily

cumulative convective precipitation in summer season (JJA) over the Haouze Plain, and 6.8 compares

the february 2003 evolution of soil moisture simulated by the model with and without the irrigation

parametrization, the Figures 6.9 and 6.10 show their corresponding averaged diurnal cycles (T, Ts, H,

Le, RH and SWdn) over Agafay and R3. Figure 6.11 shows the averaged diurnal cycles (T, RH and U)

simulated by the CTRL and CTRL-Txt simulations in R3, and Figure 6.12 shows their corresponding

averaged diurnal cycles of the energy ŕuxes. Figure 6.13 ompares the february 2003 evolution of soil

moisture simulated by the model with and without the irrigation parametrization in the CTRL-Txt

simulation.

The section C shows a further analysis of the model behavior at the location of two additional

stations Graoua and Chichaoua.
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B. Supplementary Figures

Figure 6.1: Overview of the studied in situ sites location with satellite maps showing their position
with respect to the agricultural őelds. (Satellite maps from Google Earth)
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Figure 6.2: Overview of the irrigated longitude latitude box (red polygon), with the three stations
location in colored symbols. Black points indicate the model grid.

Figure 6.3: Simpliőed schematisation of the implemented nudging parameterization where soil mois-
ture is forced to SMs (blue arrows) when it decreases below a fraction x1 of SMs
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Figure 6.4: Average diurnal cycle of T, RH and U during winter (DJF) and summer (JJA) for 2002-2004
period at Agdal station. The black line shows observations, the orange line the standard simulation
(STD), the red line the control simulation (CTRL) and the green one represents ERA5. Vertical bars
denote the standard deviation around the observations’ average value.
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Figure 6.5: Same as Fig. 6.1 but with the control simulation CTRL set with updated land cover (red
curves) in R3 station.
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Figure 6.6: Average diurnal cycle of downward (SWdn) and upward (SWup) solar radiation, downward
(LWdn) and upward (LWup) longwave radiation, the sensible (H) and latent heat ŕuxes (Le) and the
ground heat ŕux (G) at Agdal (upper panel), R3 (middle panel) and Agafay (lower panel) stations.
The left panel represents STD simulation and the right one represents observations. We decide that
by convention, ŕuxes are positive towards the surface.
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Figure 6.7: Averaged daily cumulative convective precipitation in summer season (JJA) over the Haouz
Plain. Contours indicate the ground elevation (m) and the red arrows indicate the station’s location;
from left to right: Agafay, Agdal and R3.
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Figure 6.8: February 2003 evolution of soil moisture at 5cm depth in R3, Agdal and Agafay stations
from model simulations (CTRL-z0 in blue and CTRL-moist in brown) and observations (black).
The black arrow indicates the irrigated day. With the average soil moisture as simulated by both
conőgurations (upper left). The observed soil moisture at Agafay station is not shown since the
available dataset starts from 2006.
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Figure 6.9: February 2003 evolution of Mean diurnal cycles of 2m temperature T, skin surface
temperature Ts, Le, H, SWdn and RH in R3 station from model simulations (CTRL-z0 in blue and
CTRL-moist in brown), ERA5 (green) and observations (black).
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Figure 6.10: February 2003 evolution of Mean diurnal cycles of 2m temperature T, skin surface
temperature Ts, Le, H, SWdn and RH in Agafay station from model simulations (CTRL-z0 in blue
and CTRL-moist in brown), ERA5 (green). Observations are not shown since the available dataset
starts from 2006.
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Figure 6.11: Average diurnal cycle of air temperature (T), relative humidity (RH) and wind speed (U)
at R3 from model simulations (CTRL in red, CTRL-Txt in green).
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Figure 6.12: Average diurnal cycle of downward (SWdn) and upward (SWup) shortwave radiative
ŕuxes, downward (LWdn) and upward (LWup) longwave radiation, the sensible (H) and latent heat
ŕuxes (Le) and the ground heat ŕux (G) at R3. The left and the middle panels represent CTRL-Txt and
CTRL simulation respectively and the right one represents observations. Fluxes are deőned positive
towards the surface.
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Figure 6.13: February 2003 evolution of Mean diurnal cycles of 2m temperature T, skin surface
temperature Ts, Le, H, SWdn and RH in R3 station from model simulations (CTRL-z0 in blue,
CTRL-moist in brown, CTRL-moist-Txt in pink), ERA5 (green) and observations (black). Note that
the brown and pink lines are superimposed

C. Model evaluation at Graoua and Chichaoua stations

We leveraged the LMI-TREMA dataset to make a further analysis of the model behavior at the location

of two additional stations Graoua (7.91°W;31.58) located 10km southern Marrakech, and Chichaoua

(8.65°W;31.42°N) located 70 km western Marrakech city (see purple crosses in Fig. 4.1 of the main

manuscript). Graoua and Chichaoua have been set-up in the middle of wheat crops (Fig. 6.14).
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Then, we compared the model to the stations Graoua and Chichaoua (Fig. 6.15); the model shows a

pronounced warm nocturnal bias in Graoua and Chichaoua reaching +2K to +3K. Daytime temperature

is relatively well simulated, which leads to an underestimated diurnal temperature range, particularly

in Chichaoua. Similarly to Agdal, Agafay and R3, the relative humidity signal reŕects that of the

temperature and LMDZ-ORCHIDEE exhibits a pronounced low bias during night-time. Differences

with observations reach up to -20%, and are more intense during the night. Results show also that

STD simulation overestimates wind speed during day and night with positive differences varying from

0.5 to 1.75 m s−1. Daytime differences are the strongest in Graoua.

Figure 6.14: Overview of the instrumented stations Graoua and Chichaoua (Figures from
http://trema.ucam.ac.ma/ObsTREMA)
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Figure 6.15: Mean diurnal cycle of T, RH and U over Graoua and Chichaoua stations. The black
line shows observations, the orange line the standard simulation (STD) and the green one represents
ERA5.
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Appendix B: Supporting information for "Future of land surface

water availability over the Mediterranean basin and North Africa:

analysis and synthesis from the CMIP6 exercise"

A. Introduction

This supplementary completes the section 5.2 in chapter 5. The section B shows the supplementary

Figures and tables, in which Table 6.1 lists the selected CMIP6 models and their corresponding

CMIP5 versions used in the comparative study detailed in section 5.2.3.5. Figure 6.16 shows the

future changes in the 100 km and 250 km annual total soil moisture (%) over the study region under

the SSP5-8.5 and SSP2-4.5. Figures 6.17 show the future changes of precipitation, evapotranspiration,

P-E surface and total soil moisture as simulated by the CMIP6 individual models. Models with 250km

nominal resolution are marked with (*). Figure 6.18 shows future changes in the 100 km ensemble-

mean during winter and summer under the scenario the SSP2-4.5. Figures 6.19 and 6.20 show the

spatially-averaged mean annual changes under the SSP2-4.5 for P, E, P-E and surface soil moisture.

And both SSP2-4.5 and SSP5-8.5 for total soil moisture. Figure 6.21 displays the studied region with

the grid cells retained after the őltering procedure (more than 90% of the mesh is covered by land).

Figure 6.22 shows an example of averaged spatial evapotranspiration ŕux over the study region when

the mixed meshes are not őltered.

The section B explains the model selection procedure that consists of assessing the performances

of the models in representing the large-scale atmospheric circulation.

B. Supplementary tables and figures

Table 6.1: List of CMIP6 and CMIP5 climate models used in the comparative study for each variable
with their respective horizontal resolutions. A unique multimodel mean is calculated for each CMIP
group independently of the models native resolutions.

CMIP6 Original horizontal resolution CMIP5 Original horizontal resolution

CMCC-CM2-SR5 0.9° x 1.2° CMCC-CM 0.75° x 0.75°

MPI-ESM1-2-HR 0.9° x 0.9° MPI-ESM-MR 1.8° x 1.8°

MRI-ESM2-0 1.1° x 1.1° MRI-ESM1 1° x 0.5°

NorESM2-MM 1.2° x 0.9° NorESM1-M 2.5° x 1.9°

CNRM-CM6-1 1.4° x 1.4° CNRM-CM5 1.4° x 1.4°

GISS-E2-1-G 2° x 2.5° GISS-E2-R 2° x 2.5°

IPSL-CM6A-LR 2.5° x 1.3° IPSL-CM5A-LR 2.5° x 1.3°

MIROC6 1.4° x 1.4° MIROC5 1.4° x 1.4 °

MPI-ESM1-2-LR 1.9° x 1.9° MPI-ESM-LR 1.8° x 1.8°
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Figure 6.16: Figure S1: Similar as Fig. 1 but for the total soil moisture under SSP5-8.5 (top panels)
and SSP2-4.5 (bottom) for both 100km (a) and 250km (b) resolution ensembles.
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Figure 6.17: Individual models’ future changes for P, E, P-E, surface and total soil moisture respectively
from top to bottom, under the high-end emission scenario, 250km resolution models are marked with
(*)
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Figure 6.18: Future changes in the 100 km ensemble-mean during winter (left panel) and summer
(right panel) of precipitation (mm day−1), evapotranspiration (mm day−1), P-E (mm day−1) and
surface soil moisture (%) over the Mediterranean basin and the Sahara under the SSP2-4.5 scenario
for 2071ś2100 with respect to 1981ś2010. The slashes correspond to grid boxes exhibiting non robust
changes based on the non-parametric Wilcoxon-Mann-Whitney test with a 95% threshold.
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Figure 6.19: Spatially-averaged mean annual changes in precipitation (mm day−1), evapotranspiration
(mm day−1), P-E (mm day−1) and surface soil moisture (%) for the northern and southern Mediter-
ranean (N_MED and S_MED) and Sahara (SAH) regions under the SSP2-4.5 scenario. Curves are
constructed by subtracting, for each year in the period 1850 to 2100, the mean value for the baseline
1981-2010. Then, a 10-year running mean is applied to smooth the resulting time-series. Bold curves
represent the MEM anomaly of the 100km (orange) and 250km (blue) resolutions, colour shadings
show the envelope between the maximum and minimum values (light shading) and between the 25th
and 90th percentiles (dark shading). In order to assess the signiőcance of the discrepancies between
the two different resolutions, we performed the Wilcoxon-Mann-Whitney to compare 100 and 250 km
ensemble time series by dividing the future period into four sub-periods. The horizontal dotted red
curves indicate the sub-periods where the test is signiőcant at a 95% threshold.
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Figure 6.20: Same as Fig. S4 but for total soil moisture under the SSP5-8.5 (upper panel) and SSP2-4.5
(bottom).

Figure 6.21: Map of the studied region showing the grid cells retained after the őltering procedure
(more than 90% of the mesh is covered by land). Left panel shows the map for 100 km resolution
models, right panel shows the map for 250 km (right panel) resolution models.
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BCC-CSM2-MR CNRM-CM6-1

GISS-E2-1-G NorESM2-LM

Figure 6.22: Averaged evapotranspiration ŕux (mm day−1) during the historical period (1850-2014)
for the models BCC-CSM2-MR, CNRM-CM6, GISS-E2-1-G and NorESM2-LM.

C. Model selection procedure

Following Agosta et al. (2015), we have assessed the ability of models to simulate the large-scale

atmospheric circulation driving the climate over our region of interest using set of variables character-
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izing the large-scale atmospheric circulation: 850 hPa air temperature (T850), 200 hPa and 700 hPa

zonal wind (U200 and U700), 500 hPa geopotential height (Z500), sea surface temperature (SST) and

sea level pressure (SLP). For each individual model, we have calculated the root mean squared error

(RMSE) of the annual averaged variables during the historical period with respect to ERA5 reanalysis

and normalised each metric by the median value over the 20-50N, 40W-20E longitude-latitude box

which encompasses both SAH and MED regions.

The x-axis of the Figure lists the different models being compared, blue bars show the 100 km reso-

lution models while the red bars represent the 250km resolution models. Additionally, results from

ERA-Interim, JRA-55, NCEP-NCAR, and NCEP-DOE are also shown for comparison. The y-axis

shows the normalized RMSE values for each of the variables being compared. Overall, results suggest

that none of the models considered here outperforms or lies outside the others. Nonetheless the 100km

resolution models generally perform better than the 250km resolution models, with lower normalized

RMSE values for most of the variables.

Figure 6.23: Normalised RMSE with respect to ERA5 reanalysis of the following large scale metrics:
850 hPa air temperature (T850), 200 hPa and 700 hPa zonal wind (U200 and U700), 500 hPa
geopotential height (Z500), sea surface temperature (SST) and sea level pressure (SLP) of the studied
models. 100km resolution models are outlined in blue colour and 250km in red colour. Results from
ERA-Interim, JRA-55, NCEP-NCAR and NCEP-DOE reanalysis are also shown for comparison.
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Titre : Modélisation des couplages surface-atmosphère dans les plaines semi-arides marocaines dans
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Résumé : Les plaines Marocaines jouent un
rôle majeur dans la production agricole du pays,
représentant ainsi un tiers des terres agricoles et
deux tiers des zones irriguées du pays.
Cependant, la fréquence croissante des
sécheresses constitue un défi majeur pour la
gestion durable des ressources en eau, en
particulier, dans ces régions vulnérables.
Correctement représenter le climat de surface au
Maroc dans les modèles de climat est
fondamental pour prédire les effets du
changement climatique sur les ressources en eau
dans cette région.
L’objectif de cette thèse consiste en deux

volets: i) évaluer et améliorer la représentation
des processus physiques qui gouvernent le
climat de surface et le bilan d’eau et d’énergie
dans la plaine du Haouz, située à la région de
Marrakech. ii) Mettre en place des projections
futures fiables dans l’Afrique du Nord et plus
particulièrement dans les plaines Marocaines.
Ainsi, nous utilisons la composante
LMDZ-ORCHIDEE du Modèle Couplé de
l’Institut Pierre Simon Laplace (IPSL-CM),
dont le modèle atmosphérique LMDZ est couplé
au modèle de surface continentale ORCHIDEE.
Une configuration originale a été mise en place,
en bénéficiant de la “capacité du zoom” du
LMDZ, avec une grille globale raffinée autour
de la plaine du Haouz, et la dynamique à grande
échelle forcée à suivre les réanalyses à
l’extérieur de la zone zoomée. La première
partie de ce travail est consacrée à la mise en
place d’une évaluation approfondie du modèle
LMDZ-ORCHIDEE dans la représentation des
interactions surface-atmosphère en utilisant des
mesures sur site collectées dans la plaine du
Haouz. Des expériences de sensibilité sont
menées avec un couvert végétal adapté afin de
permettre une comparaison modèle-observation
plus robuste et concluante. Les résultats
montrent que le modèle -avec sa physique
standard du CMIP6- représente raisonnablement
bien le climat de la surface dans la plaine.
Cependant, un biais chaud de température
nocturne, associé à une

sous-estimation de la chaleur sensible et de la
vitesse du vent a été identifié et partiellement
corrigé en prescrivant des hauteurs de rugosité
plus réalistes. Une sous-estimation de
l'évapotranspiration et de l'humidité du sol,
accompagnée des biais chauds de la température
diurne ont été également identifiés dans nos
simulations. Ainsi, une paramétrisation du
premier ordre, visant à imiter l’irrigation dans la
plaine, est développée en ORCHIDEE. Les
résultats montrent une réduction des biais de
l’évapotranspiration et de la température diurne.
Par conséquent, cette étude de sensibilité
souligne le rôle majeur qu’occupe l’irrigation
dans la régulation du climat local dans les
champs agricoles. Dans la deuxième partie,
nous avons étudié la réponse de l'hydrologie de
surface au changement climatique dans le bassin
Méditerranéen et l’Afrique du nord. Une
analyse approfondie des modèles CMIP6
montre un assèchement intense à la
Méditerranée et une augmentation des
précipitations au Sahara, cependant, celles-ci
sont compensées par l’augmentation de
l'évapotranspiration. Une étude de comparaison
à CMIP5 montre des résultats qualitativement
similaires avec des changements moins intenses
qu’en CMIP6, en particulier pendant l'hiver.
Pour raffiner les projections sur les plaines
agricoles Marocaines, nous avons mis en place
une configuration LMDZ-ORCHIDEE zoomée
sur la plaine du Haouz, dont les champs de vent
et de température sont guidés à l'extérieur du
Maroc vers une simulation globale CMIP6 bien
choisie suivant un scénario SSP5-8.5. Les
projections montrent un réchauffement de 4K
sur la plaine, ainsi qu'une diminution de
l'humidité du sol et du flux latent suite à une
diminution des précipitations par 30%.
L'irrigation atténue le réchauffement induit par
le changement climatique et réduit le rapport de
Bowen suite à l'augmentation de l'humidité du
sol, soulignant ainsi l'importance de la prise en
compte de l'irrigation dans les simulations
climatiques sur les zones agricoles Marocaines.
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Abstract : Moroccan plains play a major role
in the agricultural production of the country,
accounting for a third of utilized agricultural
land and two thirds of the irrigated areas of the
country. However, the increasing droughts and
water shortage risks raise a real challenge for
sustainable water management in such
vulnerable regions. An accurate modeling of
the near surface climate is critical to understand
and anticipate the climate change in the plains
and their potential impacts on the region’s
water cycle and resources.
The aim of this thesis is two fold: i) to evaluate
and improve the modeling of the physical
processes governing the surface climate and the
water and energy budgets over the Moroccan
agricultural plains,and ii) to conduct a critical
assessment of future climate projections over
the North African region and more particularly
over the Moroccan plains. To this purpose, we
use the LMDZ-ORCHIDEE model,the
atmosphere-land surface component of
IPSL-CM (The Institut de Pierre Simon
Laplace CoupledModel). An original
configuration has been set-up - leveraging the
‘zooming capability’ of LMDZ -with a global
grid locally refined over the Haouz plain in
Marrakech region and with the large-scale
dynamics nudged to follow reanalysis outside
of the zoomed area.
The first part of this work consists of
performing a thorough evaluation of
LMDZ-ORCHIDEEin representing the
surface-atmosphere interactions using in situ
measurements collected over theHaouz plain.
Sensitivity experiments are performed with
adapted land cover to make more robust
model-observation comparison. Results show
that LMDZ-ORCHIDEE - with the CMIP6
version of its physics - reasonably represents
the plain’s near surface climate. However, a
nocturnal warm bias as-sociated with
underestimated sensible heating and wind
speed has been identified and partly corrected
by prescribing more realistic roughness heights.

An underestimation of the evapotranspiration
and soil moisture along with overly warm
diurnal temperatures remain in our simulations.
A first-order irrigation parameterisation has
then been implemented in ORCHIDEE to
mimic the drip irrigation process extensively
used in the plain. Comparison with
observations show that the evapotranspiration
flux and the daytime temperature biases are
reduced, suggesting that irrigation plays a
significant role in determining the local climate
in the agricultural fields.
In the second part, we assessed the response of
the different terms of the surface water budget
to climate change over the Mediterranean basin
and North-Africa. An in-depth analysis using
selectedCMIP6 models is carried out, and
suggests a statistically robust amplification of
the drying over the Mediterranean and an
increasing precipitation pattern over Sahara,
counterbalanced by increasing evaporative flux.
Compared to the CMIP5 exercise, CMIP6
models show qualitatively similar patterns but
generally predict more intense changes in
precipitation and evapotranspiration over the
Mediter-ranean basin and South-Eastern
Sahara, especially during winter. To refine the
projections over theMoroccan agricultural
plains, we then run a new simulation with
LMDZ-ORCHIDEE configuration- with a
“zoom” over the Haouz plain - in which wind
and temperature fields outside Morocco are
nudged towards a CMIP6 SSP5-8.5 Shared
Socioeconomic Pathway. This simulation
shows a warm-ing of 4K by the end of the
century over the plain with the high-end
scenario, as well as a decrease in soil moisture
and latent heat flux following the decrease in
precipitation by 30%. Sensitivity studies
suggest that irrigation can potentially mitigate
by 1K the climate change-induced warming and
reduce the Bowen ratio as a result of enhanced
soil moisture, emphasizing the importance of
accounting forthe irrigation in climate
projections over the Moroccan agricultural
areas.
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