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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 specific configuration with a grid refinement 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 underestimated land-surface
atmosphere thermal coupling. 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 flux and soil
moisture coinciding with a pronounced diurnal warm bias at the surface is still present in our
simulations. Including a first-order irrigation parametrization yields more realistic simulated
evapotranspiration flux 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.

Keywords:
General Circulation Model; Land-atmosphere interactions; Evaluation with in-situ data; Morocco
1. Introduction

The Mediterranean basin is one of the most vulnerable climate change hotspots
(Diffenbaugh & Giorgi, 2012; Douville et al., 2021; Ali et al., 2022). Several parts of the region
have registered a decrease in rainfall since 1960 with significant changes in the aridity and drought
(Douville et al., 2021; Gutiérrez et al., 2021; Driouech et al., 2020). Soil moisture observations
show that the Mediterranean region's aridity has been strongly influenced by rising temperatures
and increased atmospheric demand (Vicente-Serrano et al., 2014; Gutiérrez et al., 2021).
Furthermore, the sixth Assessment Report (AR6) and first MedECC Assessment Report (MAR1)
show that climate 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 21% century (Cherif et al., 2020;
Douville et al., 2021; Arjdal et al., 2023; Balhane et al., 2021). Climate change is projected to
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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 20™" 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, 2018a, 2018b) 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
etal., 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 intensification of the use
of irrigation for agriculture, led to a significant groundwater shortage in areas such as the Haouz
Plain (31°30'0" N; 8°0'0" W), (Ait EI 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 fine 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., 2018; 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
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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 specifically the Moroccan region, previous
studies have assessed the dynamics and the variability of precipitation and characterized the water
cycle (e.g., Driouech, 2010; Driouech et al., 2009; Tramblay et al., 2012, 2013). However, the
ability of models to properly simulate the surface-atmosphere interactions remains under-explored.
The main objective of this study is to perform a thorough evaluation 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., Ait-
Mesbah et al., 2015; Cheruy et al., 2017, 2020; Hourdin et al., 2013; Wang et al., 2018) but never
with a specific 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 refine the grid over the plain and applying a nudging
towards atmospheric reanalysis outside of the zoom area.

This manuscript is organized as follows: Sect. 2 presents the geographical setting, the
observational datasets, the model simulations and the evaluation methodology. Results are
presented and discussed in Sect. 3. Sect. 4 closes the paper with conclusions.

2. Data, model and methods:
a. Geographical setting and in situ measurements

The Haouz plain is located 40 km east of Marrakech city (central Morocco) and spreads over
20 450 km? (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 to the North (see Fig. 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
fields (Chehbouni et al., 2008; Khabba et al., 2013). Major cultivation types include olives (40%
of national production), oranges and wheat (Chehbouni et al., 2008; Khabba et al., 2013).
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Figure 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.

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, the measurement network has been managed by the Joint International Laboratory (LMI-
TREMA) since 2011. Amongst the network (Figs. 2, S1), three stations are equipped with eddy-
covariance systems, radiometers and soil heat flux 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
fields - and for which we have access to long and high-quality time 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 field (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 specifications are detailed in Table 1.
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153 Measurements were sampled at either 1 or 20 Hz (see details in Table 1) and stored at 30 min
154 intervals (Ezzahar et al., 2007). In the present study, 1-hour data averages are used in comparisons
155 with model outputs. For each station, the selection of the time period considered to evaluate the
156 model has been made by targeting the longest continuous time period for which the observational
157 dataset has been consistent and thoroughly quality-checked. Thus, the periods (10/2002 - 11/2004),
158 (01/2003 - 05/2003) and (09/2006 - 12/2009) have been considered respectively for Agdal, R3 and
159 Agafay.
) Height from vegetation
Quantity Instrument
top
Air temperature (T) Vaisala HMP45AC probe )
m
Relative humidity (RH)
o 3.25 m (Agdal)
Wind direction
_ Young Wp200 anemometer 2 m (Agafay)
Wind speed (U)
1.3 m (R3)
Precipitation TRP525M Rain gauge Im
Downward shortwave
radiation (SWdn)
Upward shortwave
radiation (SWup)
Downward longwave 2m

radiation (LWdn)
Upward longwave
radiation (LWup)

Surface temperature (TS)

CNR1 radiometer

Sensible heat flux (H)
Latent heat flux (Le)
Friction velocity (u*)

20Hz three dimensional sonic thermo-
anemometer (CSAT3) and open-path
infrared gas analyzer (Li7500, LicorInc)

3.25 m (Agdal)
5.5 m (Agafay)
1.3 m (R3)

Soil moisture

CS616 water content reflectometer

5 cm depth

160
161

Table 1 Characteristics of the in situ measurements
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Figure 2 From left to right : Agafay, Agdal and R3 monitoring stations (Copyright : LMI-TREMA)

b. 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; Hourdin et al., 2020). Surface turbulent fluxes
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-I 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-flux 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) fluxes are calculated using a bulk formula

between the surface and the first model level as follows:

H = pCpChUI(evl - 95) (1)

L= pl.BLvapChUl (CIvl - CIs,sat) (2)

with ¢, is the specific heat of air at constant pressure, g is the aridity coefficient, L4, is the latent
heat of vaporization. p,, U, 6,; and g,,are the air density, the wind speed, the virtual potential

temperature and the specific humidity at the first model level respectively; 65 and g ;4 are the
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virtual potential temperature and the saturation specific humidity at the surface; Cj, is the drag

coefficient for heat, and reads:

Ch=zlx—zzl)><fh 3)

ln(a) 11’1(@

Where z; is the first model level height, zom and zon are the roughness length for momentum and
height respectively, and f;is the stability function of the bulk Richardson number Ri,between the

first model level and the surface (Vignon et al., 2017).

The surface energy balance reads R, + H + Le + G = 0 with H is the turbulent sensible heat flux,
Le is the turbulent latent heat flux, G is the ground heat flux and Ry is the net radiative flux

expressed as:

Ry = SWyn — SWyp, + LWy — LW,  (4)

Where SWy, is the downward shortwave radiation, SW,,,, is the upward shortwave radiation, LW,
is the downward longwave radiation and LW,,,, is the upward longwave radiation. All fluxes are
defined as positive towards the surface.

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 Echanges Hydriques a I’Interface Biosphére
Atmosphere; 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 fluxes at the interface with the atmosphere among which the roughness heights - which
control the turbulent transfer of momentum (zom), heat and humidity (zon) between the surface and
the atmosphere - the albedo and the aridity coefficient . 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 (zon) is derived from zom as follows:

_ Zom
Zop = exp (kB™1) (5)
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Where B is the inverse Stanton number of heat transfer (Su et al., 2001) and k = 0.41 is the Von
Karman constant. zom is usually higher than zon 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 & Hicks, 1973; Su et al., 2001).

c. Configuration of the simulations and introduction of a bulk parameterization of irrigation.

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. 1). We apply nudging towards ERA5
reanalysis on the temperature, humidity and wind fields (as in Coindreau et al., 2007; Diallo et al.,
2017 and Vignon et al., 2018) as follows:

X-x@

dx
5 = F) —— (6)

Where X is either the temperature T, the specific 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. X% is the equivalent field from ERA5 and 7 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 (z,,,;,, = 6h) outside the zoom to a large value (7,4, = 240h) inside the zoom such
that the simulated fields over the Haouz plain are fully governed by the model physics and
dynamics. We use the exact same physics configuration as the one developed and calibrated for the
CMIP6 exercise, i.e. the so-called 6A version (Cheruy et al., 2020; Hourdin et al., 2020).
Simulations are performed for the period of available in-situ data (2000-2009). The first 2
years - 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 classified 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. 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
despite the fact that the sites are not representative of the full corresponding grid mesh. Hence two

simulation setups are considered: (i) the first one with the model’s standard physics and land use
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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 flux 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 “sandy 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. S11, S12,
S13 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 fields
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, 2003; Arboleda et al., 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 first-order parameterization to roughly represent the effect of the drip irrigation on the
soil moisture over the Haouz plain crops. The parameterization has been activated between the
longitudes -8.5 and -7.5 and the latitudes 31.5 and 31.7 that is, an area encompassing the Haouz
plains cropland surrounding the three stations (see figure S2 in the supplement). It consists in
nudging the soil moisture SM within the 10 cm below the surface towards the saturated value of
SMs when SM drops below a fraction x1 of SMs (see figure S3 in the supplement)

dsSM _ SM—SM;

el i O

T
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With 7 is a typical time scale, dt is the surface model time scale. The nudging stops when SM
becomes greater than x2 SMs. X1 and x2 were set to 0.2 and 0.8 for our sensitivity experiments. We
further set T = 6h since it is a reasonable time scale for the near-surface soil to be humidified
during drip irrigation over the Haouz plain. Note that the nudging formulation of Eq. 7 does not
enable us to capture the exact timing of irrigation events. Importantly, this parameterization does
not intend to be an effective and detailed irrigation parameterization, but a 1% order approach to

assess 1% order effects.

(b)
Bare soil: 12%
R3 (Wheat) Forest: 17%
Crops: 71%
R3 (Wheat) Whear: 100%
Bare soil: 25%
Agdal (Olive) | Forest: 3% |:> Agdal (Olive) Forest: 100%
Crops: 72%
Agafay (Orange) | Forest 100%
Bare soil: 33%
Agafay Forest: (1.5%
(Orange) Crops: 66%

Figure 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).

d. Observation-model comparison

Model evaluation is performed by comparing each station data to the nearest model grid
point output (right panel in Fig.1). To take into consideration each station's elevation mismatch
with its corresponding model grid box in model-observations comparisons, we use a moist lapse
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rate of 6.5 K km™. For wind speed, as the observation height is less than 10m (Table 1). We
extrapolate the simulated 10-m wind speed assuming a logarithmic wind profile, based on the

Monin-Obukhov Similarity theory in neutral conditions. The wind speed at a height h is given by:

log(Z:m

tog(z5,-)

~—

UCh) =

X Uzo (8)

Where zom is the aerodynamic roughness height, U is wind speed and U1 is the wind speed at 10m
height. In addition, the fifth 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 LT. Reference observed surface
temperature is calculated from downward and upward longwave radiative flux 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 zom 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 profile:

0 =2 [n() (9] o

Zom

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 & Obukhov, 1954) and W is the integral of the
stability function for momentum (Foken, 2008). Note that the evaluation of the roughness height is
challenging, since the measured zo 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.
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Unfortunately, no observational values for zon could be properly estimated. In fact,
determining reliable zon 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, zon values estimated
far from neutrality are strongly dependent on the choice of the stability functions (Vignon et al.,
2017).

3. Results and discussion

In this section, we firstly 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 identified biases.

a. Near surface meteorological fields

1) 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). The ERAS reanalysis is also plotted as an indication. In this paragraph, the analysis
will focus on the model STD simulation (orange curves in Fig. 4).

The observed minimum temperature occurs around 5:30 local time (LT) — 7:30 LT and the
maximum around 15:30 LT. The average diurnal temperature range is around 12°C in R3 (Fig. 4.d)
and reaches 15°C in Agdal and Agafay (Figs. 4.a, 4.9). The lower diurnal temperature in R3 when
compared to the other stations is explained by the considered season at this station (winter &
spring). Let’s recall that the time periods considered for each station are different (Sect. 2.a). The
daytime temperature is well captured by the model while ERAS5 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 reflects that of the temperature and LMDZ-ORCHIDEE
exhibits a pronounced low bias during night-time. Differences with observations range from -12 to
- 20%. ERAS fits 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
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4.c, 4.1) with positive differences reaching 1.5 to 2.5 m/s. Daytime differences are strongest during
summer (Fig. 5) and the maximum occurs around 19:00 LT. An opposite behavior is noticeable at
R3 station (Fig. 4.f) with a wind speed that is underestimated by up to -1.5 m/s 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 modified in the whole grid cell to better represent the

vegetation type surrounding the corresponding station.
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Figure 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 ERAS5. Shadings denote the variability over the measurement
period for each station (+ ). Note that the mean and standard deviation are calculated for each hour

over the full measurement period for each station.
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2) 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 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 (red curves). Overall, temperature and relative
humidity show no significant change in the CTRL simulation wrt to STD at the three stations. Fig.
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.
S4 & S5). While T and RH show no substantial differences with the STD simulation, the wind
speed in the CTRL simulation is significantly weaker and even underestimated at Agdal and Agafay
stations. This is consistent with the much lower zom values in the CTRL configuration at these two
stations. In the STD configuration, 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 2). Conversely, the wind speed in CTRL is stronger at R3, where zom is
higher than in the STD simulation for which the mesh-averaged roughness height is significantly
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 and Fig 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.
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Figure 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 (+ ). 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 6 Wind speed distribution in observations (black hatches), STD (orange) and CTRL (red)
simulations over Agdal (a), R3 (b) and Agafay (c) stations.

411
Zom [m] Albedo
Station Obs STD CTRL Obs STD CTRL
Agdal 1.26 0.02 1.42 0.11 0.25 0.12
(0.76) (0.03) (103%) (0.02) (0.01) (4 .10%)
R3 0.02 0.32 0.10 0.19 0.16 0.17
(0.07) (0.01) (1.10% (0.04) (3.10%) (3.10%)
Agafay 0.10 0.01 1.39 0.16 0.29 0.14
(0.28) (6.10%) (10?) (0.03) (7.10%) (0.01)
412 Table 2 Observed and simulated albedo and roughness height (median value and interquartile range
413 in brackets). As z,,,spans several orders of magnitude, the median of z,,,is calculated as the
414 median of the distribution of the logarithmic values i.e. the exponential of the median of log(z,,,).
415
416 b. Analysis of the surface energy balance and surface temperature
417 The diurnal cycles of the observed (Obs) and simulated (CTRL) surface energy balance over
418 the studied stations are shown in Fig. 7. Results from the STD simulation are presented in the
419 supplementary material (Fig S6). During daytime, incoming solar radiation reaches a maximum
420 value of 800 to 900 W m-2 in the model. These values are higher than those observed suggesting a
421 possible underestimated cloud cover in the simulation. Longwave radiative fluxes are well
422 represented overall the studied sites, although, an overestimated daytime LW,y is noticeable,
423 following the surface temperature (Ts) signal. Fig. 8 evidences a strong overestimation of Ts during
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daytime with differences wrt observations exceeding 5°C. During nighttime, Ts is reasonably well
simulated at the two tree-filled sites Agafay and Agdal, but it is overestimated at R3 by nearly 2°C.
At Agdal and Agafay, the simulated latent heat flux is underestimated by more than 100 W m=
during daytime compared with observations. Conversely, the daytime sensible heat flux is
overestimated in amplitude, with a bias exceeding 100 W m 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 fluxes -associated with too warm day time temperatures at the three sites may
suggest an underestimation of the soil moisture leading to a deficit in evapo-transpiration. This
aspect will be further discussed in Sect. 3.d.
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Figure 7 Average diurnal cycle of downward (SWdn) and upward (SWup) shortwave radiative
fluxes, downward (LWdn) and upward (LWup) longwave radiation, the sensible (H) and latent heat
fluxes (Le) and the ground heat flux (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 defined positive towards the surface.
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Figure 8 Observed (black curves) and simulated (red curves) surface temperature (solid lines) in
Agdal, R3 and Agafay stations. Vertical bars denote the standard deviation around the
observations’ average value. Shadings denote the variability over the measurement period for each
station (+ o). Note that the mean and standard deviation are calculated for each hour over the full

measurement period for each station.

c. 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).
At R3, the overestimated nocturnal air temperature is associated with an overestimated surface
temperature (Fig. 8b) which is mostly attributed to an overestimation of the nighttime ground heat
flux (Fig 7c). The latter can be explained by the strong overestimation of the daytime surface
temperature and ground heat flux 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 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 9¢) thereby questioning the representation of
the surface-atmosphere thermal coupling. The thermal coupling is controlled by the intensity of the
surface turbulent sensible heat flux whose amplitude is underestimated during nighttime in the
CTRL simulation at Agafay (Table 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. 4i)

and linked to an overestimation of the surface wind drag. The latter strongly depends on the
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roughness of the terrain which is parameterized with the momentum (zom) and thermal roughness
heights (zon), see Eqg. 5. Table 2 shows that the zom in the CTRL simulation - which depends on the
LAI following Eq. 1 - is significantly 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 zom to the mean observed value (Table 2) for each station grid point and prescribe zon=2om/10
ratio that is commonly used for uniformly vegetated surfaces (e.g. Sandu et al., 2012). The new
values of zom and zon are shown in Table 3. In this new simulation (CTRL-z0), we obtained a more
realistic wind speed (see blue line in Fig. 9c), albeit slightly underestimated during nighttime, with
differences lower than 0.25 m s. However, the biases in nighttime 2-m temperature and relative
humidity as well as the amplitude of the surface-based temperature inversion are only slightly
reduced (Fig. 9.a, b, d). It is worth noting that the surface temperature remains similar between
CTRL-z0 and CTRL (not shown).

Increasing the value of zon (or the ratio zon/zomy 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.

Zom [M] Zoh [M] H[W m7?]
Statistics Obs | CTRL |CTRL-z0 | CTRL | CTRL-z0 Obs | CTRL |CTRL-z0
(10)
Median 0.10 1.39 0.14 5.8 0.01 -5.84 -3.54 -3.16
(@3-q1)  [(0.39) [(0.01) | (0.03) (0.6) | (0.003) | (5.59) (7.01) |  (6.07)

Table 3: Median and interquartile values of dynamical and thermal roughness length, and sensible
heat flux at 01:30 LT as simulated by STD, CTRL and CTRL-z0 configurations in Agafay station.
As z,nand zg,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(zy,)and

log(z,p ) respectively.
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Figure 9: Mean diurnal cycle of T (panel a), RH (b) and U (c), with near-surface vertical profiles
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 zo (CTRL-z0) and the

green one shows ERADb.

d. 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 flux (H) over latent heat flux (Le) during daytime. Such bias is associated with a deficit in soil

moisture (Fig. 10), which itself may result from an underestimation of the input of soil water,
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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).
Differences in winter precipitation - which mostly originates from large-scale weather systems -
exceed 0.7 mm/day at Agafay, and reach 0.3 mm/day 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. (to be submitted). During summer, differences in precipitation vary from
- 0.04 in Agafay to - 0.3 mm/day at Agdal. It is worth 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) 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. S7). 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 deficit in precipitation cannot completely explain the underestimation of near-
surface soil moisture throughout the year (see Fig. 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 amplified
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 first-order irrigation
parameterization presented in Sect. 2c.

Soil moisture at 5cm depth increases by up to 0.1 m3/m3 with respect to CTRL-z0
simulation (Fig. S7), and leads to an increase in latent heat flux by up to 70 W m-2 during daytime
as well as decrease in sensible heat flux (Fig. 11). Similar results hold from R3 and Agafay stations
(see Figs. S8 & S9).

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 specific humidity by 1. 10 kg kg™.
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 profiles of meteorological
variables, such as radiosondes or remote-sensing instruments could help gain further insight into
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the thermo-dynamical structure of the boundary layer above the plain. Results also show an
increase in local precipitation associated with the increase in evapotranspiration 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 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.

Total Average Agdal Agafay R3
(10/2002 - 11/2004) |(09/2006-12/2009) 2003 - 05/2003)

Obs 5.48 5.60 6.08

Year STD 1.38 1.78 5.17

CTRL 1.94 2.14 6.36
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(10 mm | CTRL-z0 2.67 2.19 6.71
day™? 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
(10tmm | CTRL-z0 2.12 2.75 6.44
day™V Era5 2.71 3.02 3.56
Obs 4.27 1.51 -
STD 0.51 1.31 -
JIA CTRL 1.40 1.09 -
(10*mm | CTRL-z0 2.87 1.16 -
day™V Erab 0.28 0.65 -

526 Table 4 Observed and simulated annual and seasonal averaged precipitation at the three stations
527 during the study periods. Note that no measurements for the JJA period are available at R3.
528
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Figure 11 February 2003 evolution of Mean diurnal cycles of 2-m temperature T, 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

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
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African plains. The model is run in a nudged and zoomed configuration 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 non-representativeness of station observations with respect to the
size of the corresponding mesh. Our control (CTRL) configuration , which incorporates specific
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 fields. At Agdal and Agafay - with olive and orange cultures respectively —
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 flux pointing to a possible underestimation of cloud cover; ii) a strong underestimation of
the turbulent latent heat flux coinciding with an overestimation of the sensible heat flux 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 2-m 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
evapotranspiration are associated with a strong deficit 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 flux and daytime
skin surface temperatures. Running reliable regional scenario simulations and carrying out impact
studies over Morocco with LMDZ-ORCHIDEE would benefit from using a more sophisticated
irrigation parameterization such as the one proposed in Arboleda et al. (2023).
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This study has identified 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 data. Note that the ongoing MOSAI project (Modeles et Observations
pour les Interactions entre la Surface et I'Atmosphere, https://anr.fr/Projet-ANR-20-CE01-0018) is
tackling this issue, proposing original evaluation methods and revisiting the formulations of surface

turbulent fluxes in heterogeneous meshes.
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