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RegCM v4.6 model

Winter rainfall

RCP4.5 & RCP8.5 scenarios
Tangier-Tétouan-Al-Hociema Region

2009-2010. Simulations cover 24 months from 2009 to 2010 with 30 km as a horizontal grid. We
use NCEP reanalysis as forcing data and for better comparison of results, observed precipitations
derived from CRU, CHIRPS, and CMORPH data. Results indicate that, on the whole, the RegCM4
model represents appropriate regional aspects of rainfall over the study area but underestimates
precipitations over mountainous and Mediterranean regions of the study area (Case of Tangier-
Tétouan-Al-Hociema Region) which is probably due to poor representation of orography in the
Model and some aspects of local Mediterranean climate. Projected precipitations are also
examined in this work in comparison with the reference period of 1970-2005, with simulations
performed by RegCM 4.6 regional model for the period 2023-2099 under scenarios RCP4.5 and
RCP8.5, forced by HadGEM2-ES General Circulation Model. Results show a decrease in pre-
cipitations mean for (2023-2099) for both RCP4.5 and RCP8.5 scenarios over the study area in
comparison with the historical period (1970-2005), with a significant decrease under RCP8.5
scenarios. This work proves that the RegCM v4.6 model can be used for regional climate pre-
diction, particularly for the spatial distribution of precipitation, but for sectorial applications and
impact studies, the Model outputs should be bias corrected.

1. Introduction

Climate change is currently one of the most critical global challenges, with significant effects being experienced worldwide [1]. The
Middle East and North Africa (MENA) region, in particular, is expected to become hotter and drier due to climate change, this
vulnerable region is highly susceptible to extreme weather events, such as storms, heat waves, heavy rainfall, flash floods, and rising
sea levels, all of which are escalating due to climate change, as noted in the International Panel on Climate Change (IPCC) Sixth
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Assessment Report (AR6) [1,2]. It should be noted that, Climate change is well known today as the biggest challenge on the planet
[3-5] The effects of climate change on the frequency and intensity of extreme precipitation events have recently received a lot of
attention due to their significant social, economic, and environmental consequences [6]. Then, providing an accurate estimation of
future changes in these extreme events is crucial for responsible decision-making in the management of flood risk [7]. Morocco is an
example of a country within the Mediterranean region that has been significantly impacted by climate change [8,9]. However,
Morocco has a relatively uneven distribution of rainfall, which is marked by considerable yearly variability, and is likely to produce
more extreme precipitation events [10]. Where the vulnerability of the populations to extreme hydrological events is significant [11,
12]. Recently due to the global phenomena of global warming, Morocco with an arid environment has experienced a dramatic change
in its climate, which had a significant impact on important sectors [11-13], such as agriculture, water resources, and the overall
economy [14]. High Moroccan precipitation tends to coincide with large negative anomalies of the North Atlantic Oscillation (ONA).
Moreover, previous research on precipitation in Morocco has mainly focused on the inter-annual variability and the links with
large-scale circulation such as the NAO index, to make future projections for water resource-related problems [14-18]. Therefore, the
study of rainfall distribution and future trends is an essential task for better planning and managing water resources, especially in a
region where the vulnerability of the populations to extreme hydrological events is high [11,12]. The need for a regional under-
standing of precipitation variability in northern Morocco seems to be very important to better forecast floods occurrence and develop
efficient mitigation methods. The Tangier-Tétouan-Al-Hociema region in the north of Morocco is particularly vulnerable to these
changes, as it relies heavily on agriculture and has experienced a decline in winter rainfall in recent years. Various events causing
human losses and economic damages have been reported in recent years particularly in the north of Morocco during 2009-2010
(Rabat, Tanger, Tétouan, Nador, and Casablanca ...). The floods in Morocco primarily result from intense precipitation events, and the
susceptibility of major Moroccan urban centers to extreme precipitation and flooding has escalated over the past two decade [19,20].
In addition, the strong temporal variability of precipitation is also the cause of either abundant droughts or extreme floods, particularly
during the winter period (IPCC, 2007, 2013, 2014a, 2014b). As well as important changes in climate characteristics are evidenced by
several studies focusing on climate trends at regional and local scales [21,23-27]. The simulation of precipitation patterns in Northern
Morocco presents a significant challenge for regional climate models owing to the region’s highly variable spatial and temporal rainfall
conditions [28]. According to Driouech et al. (2009), they recommended the use of downscaling techniques in order to more accurately
replicate the Moroccan climate, as the region is heavily impacted by orographic features. Thus, future climate change forecasts on a
local and regional scale are manifested as the first essential step before any intervention. Climatic models seem the best approach to
studying these predictions of future climate scenarios and for monitoring the risks of climate change. To our knowledge, there isn’t any
research currently available to assess the performance of the RegCM to simulate winter precipitation in northern Morocco. The first
one was done in the framework of this study. In scientific literature, the majority of relevant research tends to center on Europe, Asia,
or Africa, with even fewer studies addressing future projections. Notably, the year 2009-2010 remains notable for the inundating and
destructive flooding (2739 mm of rainfall) that occurred in the northern region of Morocco.

In this paper, the Regional Climate Model has been used to simulate winter precipitation in the north of Morocco (Case Tangier-
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Fig. 1. Location and elevation (m) of the study area. The RegCM simulation domain used is boxed in red. Focused region (Northern Morocco) boxed
in green (Tangier-Tétouan-Al-Hociema Region). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Tétouan-Al-Hociema region) during the winter season of 2009-2010, DJF (December-January-February). To do this, we will use
RegCM v4.6 to verify the performance and the ability of this model to simulate heavy rainfall, focused particularly on the spatial
distribution of precipitation (extreme events). Considering that the analyses will focus on the rainy season from December to February
(DJF). Nonetheless, a short-term simulation was run for this period from 1st January 2009 to December 30, 2010. Note that, to have
longer regional RegCM simulations this requires solid climate data and supercomputers.

Finally, anomalies of projected mean precipitation simulated by RegCM4.6 for the period 2023-2099 and the historical period
1970-2005 are also analyzed for the study area under the RCP4.5 and RCP8.5 scenarios. Assuming a world with a constantly growing
population, both of these scenarios entail high levels of greenhouse gas emissions [29,30]. Thus, this study aims to evaluate the ability
of the RegCM4.6 to accurately simulate winter rainfall in the Tangier-Tétouan-Al-Hociema region and to identify potential sources of
error in the model. We will compare model outputs with observed rainfall data from the region, and assess the performance of the
model in reproducing key features of the winter rainfall regime including RCP scenarios.

2. Data and methodology

For the simulation, we used the RegCM (Regional Climate Model) software, which is a climate modeling tool used to simulate future
climate conditions at the regional level. We applied it in the study area to simulate the spatial variability of precipitation between 2009
and 2010 on a 30 km grid. The data used were sourced from the GHCN (Global Historical Climatology Network-Monthly), specifically
the CRU_TS dataset, CHIRPS (Climate Hazards Group InfraRed Precipitation with Station data), and CMORPH (Technique for the
morphing of CPC Climate Prediction Center from NOAA).

2.1. Study area

Morocco is a North African country (Fig. 1) with a high degree of climate variability due to its geographical location. The climate of
Morocco is characterized by a Mediterranean climate along the northern coast and a semi-arid to arid climate in the rest of the country.
The country experiences hot and dry summers, with maximum temperatures that can exceed 40° Celsius, and cool to cold winters, with
minimum temperatures that can drop below freezing. Precipitation also varies considerably across regions, with average annual
precipitation ranging from less than 100 mm in desert regions to over 1000 mm in mountainous regions. Most of the precipitation falls
during the winter, with episodes of heavy rain that can cause flooding. Sandstorms are also common in the desert regions of Morocco.
Due to these climate variations, Morocco faces significant challenges in water resource management and adapting to climate change
[31,32].

According to the latest administrative division, the Tangier-Tétouan-Al Hoceima region (35° 46’ 00" N, 5° 48’ 00" W) includes 2
prefectures and 6 provinces. The region covers an area of 17,262 km?, i.e. 2.42% of the country’s total area (HCP, 2018).

The region is part of the Mediterranean climate, which is very heterogeneous as a result of three factors: altitude, latitude and the
proximity of the ocean. The far North-West, particularly the Tangier-Tétouan-Al Hoceima region and thanks to its altitude and its triple
maritime frontage, study region is one of the most watered areas in Morocco (more than 1000 mm) in addition a location where floods
are a particular risk from natural disasters.

2.2. Observational precipitation data

The study of climate and its variability absolutely requires the acquisition of reliable observational data in the region of interest. For
this purpose the RegCM4 model outputs are compared with three sets of observational precipitation data: CRU [33], CHIRPS [34] and
CMORPH [35].

2.2.1. CRU (climatic research unit)

The CRU_TS series of data sets consist of monthly time series of precipitation, daily maximum and minimum temperatures, cloud
cover, and other variables covering Earth’s land areas. The data set is gridded to 0.5 x 0.5-degree resolution, based on analysis of over
4000 individual weather station records. Many of the input records have been homogenized.

2.2.2. CHIRPS

(Climate Hazards Group InfraRed Precipitation with Station data) is a 30+ year quasi-global rainfall dataset. CHIRPS incorporates
0.05° resolution satellite imagery with in-situ station data to create gridded rainfall time series for trend analysis and seasonal
drought monitoring.

2.2.3. CMORPH (NOAA CPC MORPHing technique)

CMORPH This dataset consist of 0.25-degree resolution daily global Climate Prediction Center (CPC) morphing method (CMORPH)
precipitation data. CMORPH is the CPC Morphing technique, which derives precipitation estimates from low orbiter satellite mi-
crowave observations.
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2.3. Description of the model RegCM-4.6 and experimental setup

In this study, we assess the performance of the Regional Climate Model (RegCM4.6) in simulating winter rainfall in the Tangier-
Tétouan-Al-Hociema region. The RegCM4.6 is a widely used model that has been applied in numerous studies to assess climate change
impacts at regional scales. The model uses a high-resolution grid to simulate climate variables and incorporates physical processes such
as atmospheric dynamics, radiation, and land surface processes. While this model is considered reliable, it is important to recognize the
associated mechanisms and sources of error that can affect simulation results. One of the most important associated mechanisms for the
RegCM model is the choice of spatial and temporal resolution. Fine resolution may allow for better representation of physical pro-
cesses, but it also results in a significant increase in demand for computing resources. Moreover, excessively fine resolution may result
in overrepresentation of certain processes, leading to simulation errors. Another potential source of error for the RegCM model is the
selection of physical parameters used to represent processes in the model. These parameters may vary depending on weather con-
ditions and geographic characteristics of different regions, which can lead to simulation errors. Therefore, it is important to carefully
select appropriate physical parameters for each region and each simulation. Moreover, Boundary conditions: RegCM uses boundary
conditions that represent the global climate system’s state outside the regional domain. These boundary conditions can be obtained
from global climate models, reanalysis data, or observations.

The regional climate model (RCM) RegCM is originally developed by the National Center for Atmospheric Research (NCAR), is
regarded as the first restricted area model created for long-term regional climate modeling, and is chosen as one of the RCMs used for
the Coordinated Regional Climate Downscaling Experiment (CORDEX) [36,37]. Primitive equation model is a 3 dimensional, sigma
vertical coordinate [38], based on the performance of various physical parameterization options noted in previous studies. In addition,
a sizable community has used this model for numerous regional climate research and it can be applied to any region of the World to run
climate simulations on grid sizes ranging from 10 to 90 km, In this study, we will use the latest version of Hydrostatic RegCM4.6.1 [39].
with radiative transfer Community Climate Model version 3(CCM3) [40,41], and subgrid-scale moisture scheme [42]. Planetary
boundary layer scheme (PBL), [43]. Convective parametrization schemes [44]. Zeng ocean surface schemes [45]. However the land
surface processes are described via model the Biosphere Atmosphere Transfer Scheme (BATS) of [46]. Following global climate change
IPCC scenario code (RCP) Representative Concentration Pathways [47,48] represent four potential future changes in anthropogenic
GES emissions that could influence the climate. From the most optimistic RCP 2.6 (High mitigation to the most pessimistic RCP8.5
(High increase), through the intermediate RCP4.5 and RCP 6 (Emissions mitigation). These scenarios are designed to follow the Special
Report on Emissions Scenarios (SRES), defined by the IPCC in 2000. For our case, we analyze simulations output of precipitations
under both RCP4.5 and RCP8.5 scenarios. the simulation with RegCM4 has three basic steps: first, Pre-processing (setting up the
simulation domain, prepare Terrestrial variables (including elevation, land use and sea surface temperature), Initial and Boundary
Conditions (ICBC) meteorological data from General Circulation Model, physical parameterization. Second: running of the model.
Lastly: Post-processing of the data output from the previous step.

Finally, it is important to note that the RegCM model is also sensitive to the quality of input data used. Poor quality data, such as
missing or erroneous data, can lead to significant errors in simulation results. Therefore, it is essential to ensure that input data used for
the model is of high quality and representative of the studied region.

2.4. Model configuration: detailed simulation name list

The summarize of the configuration used for RegCM4.6 illustrated in Table 1.

Table 1
List name configuration used for RegCM4.6 simulations.

Model

RegCM4.6.1

Simulation period

Central point of domain

Number of horizontal grid points
Horizontal grid distance

Number of vertical levels
Horizontal grid scheme

Time integration scheme

Lateral boundary layer conditions
global analysis datasets used
Moisture scheme

Boundary layer scheme

Cumulus convection scheme

Soil Model

Topography

Surface Parameters

Ocean Flux scheme

Type of Sea Surface Temperature used

January 2009 to December 2010

(32.4° N, 6° W)

(160,160) grid points for (x,y)

30 km

18 ¢ levels

Arakawa B-grid

Split-explicit

Relaxation, exponential technique

NNRP1

Explicit moisture (SUBEX; Pal et al., 2000)
Holtslag PBL

Emanuel (1991)

High resolution soil model (Dickinson,1993)
USGS (GTOPO30)

BATSI1E (Dickinson, 1993)

Zeng et al. (1998)

OI_WK (OISST CAC Weekly Optimal Interpolation dataset)
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3. Results & discussion

The results indicate the model simulations show small differences compared to observations in terms of rainfall. Generally, in
numerous research, the regional climate model (RegCMv4) reasonably reproduced atmospheric changes in temperature and wind
fields but showed relatively poor performance in the simulation of precipitation at different geographical locations and during
different seasons [49-51].

Although simulation covers the entire domain of Morocco; but analysis of results in this study will focus only on the Northwestern
part of Morocco. Seasonally averaged rainfall has been studied to evaluate the climatological response of winter precipitation during
the period 2009-2010 (Fig. 2: a, b, ¢, d, e, f, g, h & i) shows the bias relative to mean simulated DJF (December-January-February) of
2009-2010 daily mean precipitation and DJF daily mean precipitation of three set of observational data (CRU, CMORPH, CHIRPS) for
the same period. We note a positive bias for CRU-RegCM (up to 3.6 mm/day) and CHIRPS-RegCM (up to 5 mm/day), which indicate
that RegCM4 model underestimate mean precipitation almost over the entire northwestern region but the bias is high over the extreme
North of the study area and the Mediterranean coasts, which can be explained as poor representation of orography in RegCM4 model
and some aspects of local Mediterranean climate. The bias between CMORPH and RegCM4 simulations (CMORPH-RegCM) is negative
except over the extreme North of the study area and the Mediterranean coasts reaching +2 mm/day, which means that RegCM4 model
over estimate precipitations. In fact, it is clear that overall the RegCM4 model represents the appropriate regional aspects of pre-
cipitation over the study area (RTTA). Taking account of the differences in the construction of the three observational data, the
RegCM4 model underestimates precipitations in mountainous and Mediterranean regions, which is probably due to a poor repre-
sentation of the orography in the model and some aspects of the local Mediterranean climate.

3.1. Evaluation scores of the RegCM4.6
The calculations of the monthly cumulative rainfall assessment scores of the RegCM4.6 model were represented by (Fig. 3 &
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Fig. 3. Comparison of simulated precipitation results (RegCM) with observed data in Northern Morocco: Stations (Tangier, Tetouan, Al-Hoceima,
and Chefchaouen).

Table 2
Bias, root mean square error (RMSE), and correlation coefficient of precipitation model simulated by RegCM.
Stations BIAS (mm) RMSE (mm) Correlation coefficient
Tangier —0,049 0240 0,838
Tétouan —0,062 0305 0,759
Al-Houceima —0,006 0029 0,555
Chefchaouen —0,067 0327 0,944

Table 2), the validation scores include Bias, root mean square error (RMSE), and correlation coefficient. Then, using the correlation
method, the association between the models and the observations can be determined. The correlation method of linear models pro-
vides information on the relationship between the model and observation data. If the correlation coefficient is closer to one, the model
is considered to accurately represent the observations. Conversely, negative values indicate a weak or inverse relationship, while
positive values indicate a strong or direct relationship [52]. Therefore, a positive correlation coefficient that is closer to one suggests
that RegCM4 effectively simulates rainfall. Generally, the statistical properties of precipitation are the most difficult to reproduce and
therefore the most uncertain in climate models, thus the results of the model evaluation scores calculations over the 24 months
(2009-2010) indicate that the RegCM model underestimates precipitation, especially for the Chefchaouen, Tétouan and Al Hoceima
areas. On the other hand, this confirms the fact that the RegCM model underestimates precipitation over the mountainous (Chef-
chaouen) and Mediterranean (Tetouan and Al Hoceima) regions, which can probably be explained by a poor representation of the
orography in the model. The precipitation that occurred due to the Atlantic low pressure is forced by the west-facing mountains in the
Chefchaouen area, causing heavy precipitation. Similarly, some storm episodes with heavy precipitation occurred in the Tétouan
region and less in the Al Houceima region due to the focus of the orography which is oriented towards the east and acts as a cold front

over the warm and humid Mediterranean.

The following table illustrates the results of the calculations of the monthly evaluation scores of the cumulative precipitation

simulated by the RegCM model, over the 24 months of the period (2009-2010) in the north of Morocco (RTTA), for the following
climate stations: Tangier, Tetouan; Al-Houceima and Chefchaouen.

According to Table 2, the difference between simulated and observed precipitation (BIAS) in northern Morocco, especially in
Winter (DJF), is generally negative.

The validation of the RegCM model to simulate precipitation extremes is a difficult task, as reliable daily data comparable to the
model outputs are not readily available. Furthermore, the use of station data for model validation is always limited due to problems
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with the availability of observations. Another type of information that is relatively useful for the validation of precipitation extremes is
the reanalyses, covering the whole globe and allowing validation in places where sufficiently long observation series do not exist or are
not available. The obvious advantage of reanalyses is that they are calculated on a grid and can then be compared with model outputs.

A comparison between the RegCM model and observation data (CRU) was also conducted in the north of Morocco (RTTA). The CRU
data is developed independently and based mainly on satellite measurements and surface observations, respectively, at different
spatial resolutions and is therefore only available on land. Generally, the results (Fig. 4) show an underestimation of precipitation in
the model for the climatic stations: Tanger, Tétouan, Al-Houceima, and Chefchaouen.

The following table (Table 3) shows a comparison of the model-simulated precipitation results (Regcm) with the observed data
(CRU).

3.2. RegCM4 precipitation projections

RegCM remains a valuable tool for studying the regional climate and for understanding how the climate may change in the future.
Climate models are continuously improved and adjusted to take these limitations into account and to improve the accuracy of
forecasts.

In this section, DJF mean precipitation simulated with RegCM4.6 for 2023-2099 were analyzed in comparison with historical
period 1970-2005 (Fig. 5). We focus on the northwestern of Morocco. Fig. 5 shows the anomaly of winter mean precipitation projected
by RegCM4.3 model for RCP4.5 and RCP8.5 scenarios. We note a clear negative bias over the entire north region for both RCP sce-
narios, which means a significant decreasing in mean precipitations amount for the projected period of 2023-2099. The decreasing is
more important for rcp8.5 scenarios. The regions opposite the Atlantic has more negative bias then others regions for both scenarios.
This can be explained by a decreasing in number of occurrences of precipitation episodes coming from the Atlantic, which is generally
the case for northern Morocco during winter season.

The ensemble mean results indicate that extreme precipitation intensities will decrease in all future periods compared to simu-
lations over the reference period 1970-2005 (Fig. 5). It is important to note that the ensemble mean results are based on climate
models and greenhouse gas emission scenarios, which although widely accepted and used by the scientific community, still carry some
degree of uncertainty. Regarding the decrease in extreme precipitation intensities in all future periods, this could have significant
implications for ecosystems and communities that depend on precipitation for their survival and livelihoods. Therefore, it is important
to continue research to better understand the implications of these climate changes and to develop appropriate adaptation strategies.
The findings of this study will contribute to a better understanding of the performance of the RegCM4.6 in simulating winter rainfall in
the north of Morocco, and will have implications for climate change adaptation strategies in the region. By improving our under-
standing of the potential impacts of climate change on winter rainfall in this region, we can better inform policy decisions and develop
effective adaptation strategies to mitigate the impacts of climate change.

The results obtained indicate that the work carried out clearly meets the objectives and hypotheses stated at the beginning of this
study in the introduction. Indeed, we have tried to follow a rigorous scientific approach, the method adopted in this study is essentially
based on the simulation of the spatial variability of precipitation in the Tangier-Tétouan-Al Hoceima region (RTTA), and the use of
precipitation data obtained from the CRU, CHIRPS and CMORPH datasets to evaluate the RegCM model. It thus comprises several
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Fig. 4. Comparison of simulated precipitation results (RegCM) with observed data (CRU) in Northern Morocco: Stations (Tangier, Tétouan, Al-
Hoceima, and Chefchaouen).
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Table 3

Comparison of model-simulated precipitation results (RegCM) with observed data (CRU): Bias, RMSE, and model correlation coefficients.
Stations BIAS (mm) RMSE (mm) Correlation coefficient
Tangier —0,005 0023 0,95
Tétouan 0,002 0,01 0,9
Al-Houceima —0,007 0034 0,63
Chefchaouen 0.01 0.07 0,91

According to Table 3, the difference between simulated and observed precipitation (BIAS) in northern Morocco is generally heterogeneous.
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Fig. 5. Anomaly of winter (DJF) mean precipitation projected by RegCM4.3 model and Historical period (1970-2055) under RCP4.5 (A) and
RCP8.5 (B) scenarios.

complementary approaches carried out within a multidisciplinary framework.
4. Conclusions & perspective

The present study employs RegCM4.6 simulation technique to investigate rain variability in extreme weather conditions during the
winter season (DJF) for a period of two years (2009-2010) in Morocco’s northern region (Tangier-Tetouan-Al-Hociema). The simu-
lations implemented grid spacing of 30 km, made use of NCEP data gridded at 2.5° and were compared with three different obser-
vational databases to evaluate the performance of the technique.

Given the acknowledged status of climate change as the foremost long-term peril to the northern region, we have conducted an
assessment of model simulation over the past interval across the northern region of Morocco, with the purpose of testing the model’s
appropriateness in predicting the future climate. The primary outcomes and deductions are succinctly synthesized as follows.

v We have tried to capture the rainfall extreme over north morocco occurred on 2009/2010 reference period (winter period with high
precipitation in the extreme north of Morocco).

The ability of the model to obtain realistic precipitation pattern is analyzed in a way that the result will help us to further use the
output of the RCM for climate change impact assessment especially on water resources.

It was found during the validation of the model results with the current climate that the RegCM4 model underestimates pre-
cipitations especially over mountainous region.

Model output needs a bias correction in order to use it in impacts studies or water resources planning. Therefore, a bias correction
step is essential.

We suggest the study of sensitivity of RegCM4 model output to different forcing data and different grid spacing.

In Futures studies, we will examine the performance of RegCM4 in simulating extreme temperature with sensitivity studies to
different radiative schemes.

The RegCM climate model is an important tool for understanding future climate trends and impacts of climate change at the
regional level.

It is important to consider associated mechanisms and potential sources of error to ensure reliable and accurate simulation results.

v

v

Author contribution statement

Imane BOULAHFA: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data;
Contributed reagents, materials, analysis tools or data; Wrote the paper.

Mohamed ElKharrim; Mustapha MAATOUK; Khadija ABOUMARIA: Conceived and designed the experiments; Performed the ex-
periments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data.

Mohamed Beroho; Rachid El Halimi: Performed the experiments; Contributed reagents, materials, analysis tools or data.



L. Boulahfa et al. Heliyon 9 (2023) e17473

Abdeladim Batmi: Conceived and designed the experiments; Contributed reagents, materials, analysis tools or data.
Naoum Mohamed: Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data.

Data availability statement
Data will be made available on request.
Statements and declarations

The authors confirm that there are no known conflicts of interest associated with this publication and there has been no significant
financial support for this work that could have influenced its outcome.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgement

The authors would like to thank all reviewers for their advised remarks and their contribution to improve the second version of the
paper. Our gratitude is also addressed to Mr. BENAISSA Oussama for its discussions that helped in improving this manuscript.

References

[1] IPCC, - Summary for policymakers, in: P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell,
E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekci, R. Yu, B. Zhou (Eds.), Climate Change 2021: the Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 2021, pp. 3-32.

[2] M. Almazroui, RegCM4 in climate simulation over CORDEX-MENA/Arab domain: selection of suitable domain, convection and land surface schemes, Int. J.

Climatol. (2015), https://doi.org/10.1002/joc.4340.

1. Boulahfa, K. Aboumaria, R. El Halimi, A. Batmi, M. Maatouk, M. Abattouy, Modeling the spatial distribution of rainfall in the tangier area (northern Morocco),

in: International Conference on Advanced Intelligent Systems for Sustainable Development, Springer, Cham, 2019, pp. 1-12.

[4] M. Beroho, H. Briak, R. El Halimi, A. Ouallali, I. Boulahfa, R. Mrabet, F. Kebede, K. Aboumaria, - Analysis and prediction of climate forecasts in Northern

Morocco : application of multilevel linear mixed effects models using R software, Heliyon 6 (2020) (2020), e05094.

M. Beroho, H. Briak, E.K. Cherif, I. Boulahfa, A. Ouallali, R. Mrabet, F. Kebede, A. Bernardino, K. Aboumaria, Future scenarios of land use/land cover (LULC)

based on a CA-markov simulation model: case of a mediterranean watershed in Morocco, Rem. Sens. 15 (2023) 1162, https://doi.org/10.3390/rs15041162.

L. Liuzzo, G. Freni, Analysis of extreme rainfall trends in Sicily for the evaluation of depth-duration-frequency curves in climate change scenarios, J. Hydrol.

Eng. 20 (12) (2015), https://doi.org/10.1061/(ASCE)HE.1943-5584.0001230.

A. Danandeh Mehr, E. Kahya, Climate change impacts on catchment-scale extreme rainfall variability: case study of Rize Province, Turkey, J. Hydrol. Eng. 22 (3)

(2017), 05016037.

N.S. Diffenbaugh, F. Giorgi, Climate change hotspots in the CMIP5 global climate model ensemble, Climatic Change 114 (2012) 813-822, https://doi.org/

10.1007/5s10584-012-0570-x.

J. Schilling, E. Hertig, Y. Tramblay, J. Scheffran, Climate change vulnerability, water resources and social implications in North Africa, Reg. Environ. Change 20

(2020) 15, https://doi.org/10.1007/510113-020-01597-7.

[10] R.P. Allan, B.J. Soden, Atmospheric warming and the amplification of precipitation extremes, Science 321 (2008) 1481-1484, https://doi.org/10.1126/

science.1160787.

[11] I Douglas, K. Alam, M. Maghenda, Y. Mcdonnell, L. Mclean, J. Campbell, Unjust waters: climate change, flooding and the urban poor in Africa, Environ.

Urbanization 20 (2008) 187-205, https://doi.org/10.1177/0956247808089156.

[12] G. Di Baldassarre, A. Montanari, H. Lins, D. Koutsoyiannis, L. Brandimarte, G. Bloschl, Flood fatalities in Africa: from diagnosis to mitigation: flood fatalities in

africa, Geophys. Res. Lett. 37 (2010) n, https://doi.org/10.1029/2010GL045467.

[13] Y. Tramblay, D. Ruelland, S. Somot, R. Bouaicha, E. Servat, High-resolution Med-CORDEX regional climate model simulations for hydrological impact studies: a

first evaluation of the ALADIN-Climate model in Morocco, Hydrol. Earth Syst. Sci. 17 (2013) 3721-3739, https://doi.org/10.5194/hess-17-3721-2013.
[14] M. Elkharrim, L. Bahi, Using statistical downscaling of GCM simulations to assess climate change impacts on drought conditions in the northwest of Morocco,
MAS 9 (2014) p1, https://doi.org/10.5539/mas.von2pl.

[15] M.N. Ward, P.J. Lamb, D.H. Portis, M. El Hamly, R. Sebbari, Climate variability in northern Africa: understanding droughts in the sahel and the maghreb, in:
A. Navarra (Ed.), Beyond El Nino, Springer Berlin Heidelberg, Berlin, Heidelberg, 1999, pp. 119-140, https://doi.org/10.1007/978-3-642-58369-8 6.

[16] P. Knippertz, M. Christoph, P. Speth, Long-term precipitation variability in Morocco and the link to the large-scale circulation in recent and future climates,
Meteorol. Atmos. Phys. 83 (2003) 67-88, https://doi.org/10.1007/s00703-002-0561-y.

[17] C. Matti, A. Pauling, M. Kiittel, H. Wanner, Winter precipitation trends for two selected European regions over the last 500 years and their possible dynamical

background, Theor. Appl. Climatol. 95 (2009) 9-26, https://doi.org/10.1007/s00704-007-0361-x.

[18] C.M. Patricola, K.H. Cook, Northern African climate at the end of the twenty-first century: an integrated application of regional and global climate models, Clim

Dyn 35 (2010) 193-212. https://doi.org/10.1007/500382-009-0623-7.

[19] R. Bouaicha, A. Benabdelfadel, Variabilité et gestion des eaux de surface au Maroc, Secheresse (Montrouge) 21 (2010) 325-326, https://doi.org/10.1684/

sec.2010.0272.

[20] F. Driouech, M. Déqué, A. Mokssit, Numerical simulation of the probability distribution function of precipitation over Morocco, Clim Dyn 32 (2009) 1055-1063,

https://doi.org/10.1007/500382-008-0430-6.
[21] F. Driouech, M. Déqué, E. Sanchez-Gomez, Weather regimes—Moroccan precipitation link in a regional climate change simulation, Global Planet. Change 72
(2010) 1-10, https://doi.org/10.1016/j.gloplacha.2010.03.004.

[23] H.A. Nasrallah, E. Nieplova, E. Ramadan, Warm season extreme temperature events in Kuwait, J. Arid Environ. 56 (2004) 357-371, https://doi.org/10.1016/
S0140-1963(03)00007-7.

[24] X. Zhang, E. Aguilar, S. Sensoy, H. Melkonyan, U. Tagiyeva, N. Ahmed, N. Kutaladze, F. Rahimzadeh, A. Taghipour, T.H. Hantosh, P. Albert, M. Semawi,
M. Karam Ali, M.H. Said Al-Shabibi, Z. Al-Oulan, T. Zatari, I. Al Dean Khelet, S. Hamoud, R. Sagir, M. Demircan, M. Eken, M. Adiguzel, L. Alexander, T.

[3

—

[5

—

[6

—

[7

—

8

—

[9

—


http://refhub.elsevier.com/S2405-8440(23)04681-9/sref1
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref1
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref1
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref1
https://doi.org/10.1002/joc.4340
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref3
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref3
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref4
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref4
https://doi.org/10.3390/rs15041162
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001230
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref7
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref7
https://doi.org/10.1007/s10584-012-0570-x
https://doi.org/10.1007/s10584-012-0570-x
https://doi.org/10.1007/s10113-020-01597-7
https://doi.org/10.1126/science.1160787
https://doi.org/10.1126/science.1160787
https://doi.org/10.1177/0956247808089156
https://doi.org/10.1029/2010GL045467
https://doi.org/10.5194/hess-17-3721-2013
https://doi.org/10.5539/mas.v9n2p1
https://doi.org/10.1007/978-3-642-58369-8_6
https://doi.org/10.1007/s00703-002-0561-y
https://doi.org/10.1007/s00704-007-0361-x
https://doi.org/10.1007/s00382-009-0623-7
https://doi.org/10.1684/sec.2010.0272
https://doi.org/10.1684/sec.2010.0272
https://doi.org/10.1007/s00382-008-0430-6
https://doi.org/10.1016/j.gloplacha.2010.03.004
https://doi.org/10.1016/S0140-1963(03)00007-7
https://doi.org/10.1016/S0140-1963(03)00007-7

L. Boulahfa et al. Heliyon 9 (2023) e17473

C. Peterson, T. Wallis, Trends in Middle East climate extreme indices from 1950 to 2003, J. Geophys. Res. 110 (2005), D22104, https://doi.org/10.1029/
2005JD006181.

[25] S. AlSarmi, R. Washington, Recent observed climate change over the Arabian Peninsula, J. Geophys. Res. 116 (2011), D11109, https://doi.org/10.1029/
2010JD015459.

[26] S. Filahi, M. Tanarhte, L. Mouhir, M. El Morhit, Y. Tramblay, Trends in indices of daily temperature and precipitations extremes in Morocco, Theor. Appl.
Climatol. 124 (2016) 959-972, https://doi.org/10.1007/s00704-015-1472-4.

[27] Almazroui, Climate extremes over the arabian peninsula using RegCM4 for present conditions forced by several CMIP5 models, Atmosphere 10 (2019) 675,
https://doi.org/10.3390/atmos10110675.

[28] M. Jelassi, P. Gachon, R. Laprise, Occurrence, durée et intensité des précipitations simulées par deux modeles régionaux canadiens du climat sur la région du
Maghreb, Atmos.-Ocean 54 (2016) 469-497, https://doi.org/10.1080/07055900.2016.1228522.

[29] N. Nakicenovic, J. Alcamo, G. Davis, B. de Vries, J. Fenhann, S. Gaffin, K. Gregory, A. Griibler, et al., Special Report on Emissions Scenarios, Working Group III,
Intergovernmental Panel on Climate Change (IPCC), Cambridge University Press, Cambridge, UK, 2000, p. 595, 0) (http://www.grida.no/climate/ipcc/
emission/index.htm.

[30] K. Riahi, S. Rao, V. Krey, et al., Rcp 8.5—a scenario of comparatively high greenhouse gas emissions, Climatic Change 109 (2011) 33-57, https://doi.org/
10.1007/5s10584-011-0149-.

[31] A. Sebbar, M. Hsaine, H. Fougrach, W. Badri, - Etude des variations climatiques de la région centre du Maroc, Les climats régionaux: observation et
modélisation, 709 (2012) 309-714.

[32] A. Sebbar, M. Hsaine, H. Fougrach, W. Badri, Carte des précipitations annuelles au Maroc (1935/2006), in: Actes du 26éme Colloque de 1’ Association
Internationale de Climatologie, Cotonou, 2013, pp. 37-43.

[33] I Harris, P.D. Jones, T.J. Osborn, D.H. Lister, Updated high-resolution grids of monthly climatic observations - the CRU TS3.10 Dataset: updated high-resolution
grids of monthly climatic observations, Int. J. Climatol. 34 (2014) 623-642, https://doi.org/10.1002/joc.3711.

[34] C. Funk, P. Peterson, M. Landsfeld, D. Pedreros, J. Verdin, S. Shukla, G. Husak, J. Rowland, L. Harrison, A. Hoell, J. Michaelsen, The climate hazards infrared
precipitation with stations—a new environmental record for monitoring extremes, Sci. Data 2 (2015), 150066, https://doi.org/10.1038/sdata.2015.66.

[35] Y. Hussain, F. Satgé, M.B. Hussain, H. Martinez-Carvajal, M.-P. Bonnet, M. Cardenas-Soto, H.L. Roig, G. Akhter, Performance of CMORPH, TMPA, and
PERSIANN rainfall datasets over plain, mountainous, and glacial regions of Pakistan, Theor. Appl. Climatol. 131 (2018) 1119-1132, https://doi.org/10.1007/
s00704-016-2027-z.

[36] F. Giorgi, C. Jones, G.R. Asrar, Addressing Climate Information Needs at the Regional Level: the CORDEX Framework, 2009, p. 10.

[37] W.J. Gutowski Jr., F. Giorgi, B. Timbal, A. Frigon, D. Jacob, H.-S. Kang, K. Raghavan, B. Lee, C. Lennard, G. Nikulin, E. O’Rourke, M. Rixen, S. Solman,

T. Stephenson, F. Tangang, WCRP COordinated regional downscaling EXperiment (CORDEX): a diagnostic MIP for CMIP6, geosci, Model Dev 9 (2016)
4087-4095, https://doi.org/10.5194/gmd-9-4087-2016.

[38] F. Giorgi, M.R. Marinucci, G.T. Bates, G. De Canio, Development of a second-generation regional climate model (RegCM2). Part II: convective processes and
assimilation of Lateral boundary conditions, Mon. Weather Rev. 121 (1993) 2814-2832, https://doi.org/10.1175/1520-0493(1993)121<2814:DOASGR>2.0.
Co, 2.

[39] F. Giorgi, E. Coppola, F. Solmon, L. Mariotti, M. Sylla, X. Bi, N. Elguindi, G. Diro, V. Nair, G. Giuliani, U. Turuncoglu, S. Cozzini, I. Giittler, T. O’Brien, A. Tawfik,
A. Shalaby, A. Zakey, A. Steiner, F. Stordal, L. Sloan, C. Brankovic, RegCM4: model description and preliminary tests over multiple CORDEX domains, Clim. Res.
52 (2012) 7-29, https://doi.org/10.3354/cr01018.

[40] J. Kiehl, J. Hack, G. Bonan, B. Boville, B. Briegleb, D. Williamson, P. Rasch, Description of the NCAR Community Climate Model (CCM3), UCAR/NCAR, 1996,
https://doi.org/10.5065/D6FF3Q99.

[41] F. Giorgi, Y. Huang, K. Nishizawa, C. Fu, A seasonal cycle simulation over eastern Asia and its sensitivity to radiative transfer and surface processes, J. Geophys.
Res. 104 (1999) 6403-6423, https://doi.org/10.1029/1998JD200052.

[42] J.S. Pal, F. Giorgi, X. Bi, N. Elguindi, F. Solmon, X. Gao, S.A. Rauscher, R. Francisco, A. Zakey, J. Winter, M. Ashfaq, F.S. Syed, J.L. Bell, N.S. Diffenbaugh,
J. Karmacharya, A. Konaré, D. Martinez, R.P. da Rocha, L.C. Sloan, A.L. Steiner, Regional climate modeling for the developing world: the ICTP RegCM3 and
RegCNET, Bull. Am. Meteorol. Soc. 88 (2007) 1395-1410, https://doi.org/10.1175/BAMS-88-9-1395.

[43] A.A.M. Holtslag, B.A. Boville, Local versus nonlocal boundary-layer diffusion in a global climate model, J. Clim. 6 (1993) 1825-1842, https://doi.org/10.1175/
1520-0442(1993)006<1825:LVNBLD>2.0.CO, 2.

[44] K.A. Emanuel, A scheme for representing cumulus convection in large-scale models, J. Atmos. Sci. 48 (1991) 2313-2329, https://doi.org/10.1175/1520-0469
(1991)048<2313:ASFRCC>2.0.CO, 2.

[45] X.Zeng, M. Zhao, R.E. Dickinson, Intercomparison of bulk aerodynamic algorithms for the computation of sea surface fluxes using TOGA COARE and TAO data,
J. Clim. 11 (1998) 2628-2644, https://doi.org/10.1175/1520-0442(1998)011<2628:10BAAF>2.0.CO, 2.

[46] A. Henderson-Sellers, Z.-L. Yang, R.E. Dickinson, The project for intercomparison of land-surface parameterization schemes, Bull. Am. Meteorol. Soc. 74 (1993)
1335-1350, https://doi.org/10.1175/1520-0477(1993)074<1335:TPFIOL>2.0.CO, 2.

[47] R.H. Moss, J.A. Edmonds, K.A. Hibbard, M.R. Manning, S.K. Rose, D.P. van Vuuren, T.R. Carter, S. Emori, M. Kainuma, T. Kram, G.A. Meehl, J.F.B. Mitchell,
N. Nakicenovic, K. Riahi, S.J. Smith, R.J. Stouffer, A.M. Thomson, J.P. Weyant, T.J. Wilbanks, The next generation of scenarios for climate change research and
assessment, Nature 463 (2010) 747-756, https://doi.org/10.1038/nature08823.

[48] D.P. van Vuuren, J. Edmonds, M. Kainuma, K. Riahi, A. Thomson, K. Hibbard, G.C. Hurtt, T. Kram, V. Krey, J.-F. Lamarque, T. Masui, M. Meinshausen,

N. Nakicenovic, S.J. Smith, S.K. Rose, The representative concentration pathways: an overview, Climatic Change 109 (2011) 5-31, https://doi.org/10.1007/
$10584-011-0148-z.

[49] A. Dai, F. Giorgi, K.E. Trenberth, Observed and model-simulated diurnal cycles of precipitation over the contiguous United States, J. Geophys. Res. 104 (1999)
6377-6402, https://doi.org/10.1029/98JD02720.

[50] J. Feng, C. Fu, Inter-comparison of 10-year precipitation simulated by several RCMs for Asia, Adv. Atmos. Sci. 23 (2006) 531-542, https://doi.org/10.1007/
s00376-006-0531-2.

[51] E.-H. Park, S.-Y. Hong, H.-S. Kang, Characteristics of an East-Asian summer monsoon climatology simulated by the RegCM3, Meteorol. Atmos. Phys. 100 (2008)
139-158, https://doi.org/10.1007/s00703-008-0300-0.

[52] R.E. Walpole, Pengantar Statistika Edisi Ke-3. Jakarta (ID), Gramedia Pustaka, 2002.

10


https://doi.org/10.1029/2005JD006181
https://doi.org/10.1029/2005JD006181
https://doi.org/10.1029/2010JD015459
https://doi.org/10.1029/2010JD015459
https://doi.org/10.1007/s00704-015-1472-4
https://doi.org/10.3390/atmos10110675
https://doi.org/10.1080/07055900.2016.1228522
http://www.grida.no/climate/ipcc/emission/index.htm
http://www.grida.no/climate/ipcc/emission/index.htm
https://doi.org/10.1007/s10584-011-0149-
https://doi.org/10.1007/s10584-011-0149-
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref30
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref30
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref31
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref31
https://doi.org/10.1002/joc.3711
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1007/s00704-016-2027-z
https://doi.org/10.1007/s00704-016-2027-z
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref35
https://doi.org/10.5194/gmd-9-4087-2016
https://doi.org/10.1175/1520-0493(1993)121<2814:DOASGR>2.0.CO
https://doi.org/10.1175/1520-0493(1993)121<2814:DOASGR>2.0.CO
https://doi.org/10.3354/cr01018
https://doi.org/10.5065/D6FF3Q99
https://doi.org/10.1029/1998JD200052
https://doi.org/10.1175/BAMS-88-9-1395
https://doi.org/10.1175/1520-0442(1993)006<1825:LVNBLD>2.0.CO
https://doi.org/10.1175/1520-0442(1993)006<1825:LVNBLD>2.0.CO
https://doi.org/10.1175/1520-0469(1991)048<2313:ASFRCC>2.0.CO
https://doi.org/10.1175/1520-0469(1991)048<2313:ASFRCC>2.0.CO
https://doi.org/10.1175/1520-0442(1998)011<2628:IOBAAF>2.0.CO
https://doi.org/10.1175/1520-0477(1993)074<1335:TPFIOL>2.0.CO
https://doi.org/10.1038/nature08823
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1029/98JD02720
https://doi.org/10.1007/s00376-006-0531-2
https://doi.org/10.1007/s00376-006-0531-2
https://doi.org/10.1007/s00703-008-0300-0
http://refhub.elsevier.com/S2405-8440(23)04681-9/sref51

	Assessment of performance of the regional climate model (RegCM4.6) to simulate winter rainfall in the north of Morocco: The ...
	1 Introduction
	2 Data and methodology
	2.1 Study area
	2.2 Observational precipitation data
	2.2.1 CRU (climatic research unit)
	2.2.2 CHIRPS
	2.2.3 CMORPH (NOAA CPC MORPHing technique)

	2.3 Description of the model RegCM-4.6 and experimental setup
	2.4 Model configuration: detailed simulation name list

	3 Results & discussion
	3.1 Evaluation scores of the RegCM4.6
	3.2 RegCM4 precipitation projections

	4 Conclusions & perspective
	Author contribution statement
	Data availability statement
	Statements and declarations
	Declaration of competing interest
	Acknowledgement
	References


