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Abstract: The article considers the results of an estimation of the shortwave radiation flux at
the surface in Morocco from 2021-2050. Average monthly values of shortwave radiation co-
ming to the underlying surface (Surface Downwelling Shortwave Radiation, RSDS), calcula-
ted using 11 regional climate models of the CORDEX-Africa project, were used as input data.
The model calculation was performed assuming a greenhouse gas concentration scenario of
RCP4.5. The aim of the work is to determine the characteristics of the distribution of shortwa-
ve radiation over the territory of Morocco from 2021-2050 and to identify areas with favour-
able conditions for developing solar energy in the near future. The results of an analysis of an-
nual RSDS values in the vicinity of the solar power station in Ouarzazate in 2021-2050 are al-
so presented.

Key words: CORDEX-Africa, Surface Downwelling Shortwave Radiation, RCM, solar energy,
Morocco

Sazetak: U c¢lanku se razmatraju rezultati procjene povrSinskoga dolaznog kratkovalnog
zracenja (RSDS) za razdoblje 2021. — 2050. godine u Maroku. Kao pocetni podatci upotrije-
bljene su prosje¢ne mjese¢ne vrijednosti RSDS-a izra¢unane s pomocu 11 regionalnih kli-
matskih modela CORDEX-Afrika. Izracun modela izveden je uzimajudi u obzir scenarij kon-
centracije staklenic¢kih plinova RCP4,5. Cilj je rada utvrditi osobine raspodjele RSDS-a preko
teritorija Maroka u razdoblju 2021. — 2050. te identificirati podrudja s povoljnim uvjetima za
razvoj solarne energije u bliskoj buducnosti. Takoder, prikazani su rezultati analize godiSnjeg
RSDS-a na podrucju solarne elektrane u Ouarzazatu 2021. — 2050.

Kljucne rijeci: CORDEX-Afrika, povrsinsko dolazno kratkovalno zra¢enje, RCM, solarna
energija, Maroko
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1. INTRODUCTION

Solar radiation is one of the most affordable and
energy-intensive of all renewable energy
sources. The world's leading economists have
come to the conclusion that the modern long-
term energy development strategy can no longer
be based solely on the fuel and energy complex,
and that the way out of this situation is a gradual
transition to alternative energy through the use
of natural renewable energy sources on a global
scale. Today, worldwide energy consumption
trends are increasing due to high rates of eco-
nomic development, demographic growth, and
changes in people's living standards. Industrially
developing countries see energy security as a na-
tional security and sovereignty issue. Additio-
nally, in recent decades, there has been a need
for rapid solutions to the urgent environmental
problems associated with increased levels of at-
mospheric greenhouse gas emissions. Climate
change, which has been observed worldwide
since the mid-1970s, will lead to the redistribu-
tion of natural renewable resources. Therefore,
a timely assessment of possible changes in the
potential of solar energy resources in Morocco is
an urgent issue that will ensure its energy securi-
ty in the future.

Regional changes in the climate system are af-
fecting the socio-economic development of
many countries. The instability of the climate
system manifests mainly in the formation of
abnormal modes of temperature indices, wind
characteristics, atmospheric phenomena, etc.
In this context, the availability of the most reli-
able information on the future climate is a
strategically important point in the develop-
ment of Morocco’s economy. Today, it is possi-
ble to obtain such information by modeling fu-
ture climate conditions using climatic models.

An assessment of Morocco’s thermal solar
power potential was carried out in studies by
both Moroccan and European scientists.
Nfaoui and Sayigh (2013) conducted a study
of the solar energy potential of the
Ouarzazate region using observations from
July 1982 to December 1989. As a result, the
Ouarzazate region has been shown to have a
high solar power potential: sunshine hours —
3,400 hours per year; daily global radiation:
5.5 kWhm?day!. Radiation attenuation
increases from 30% in June (maximum
radiation) to 40% in November. The average

monthly value of direct radiation on the
normal surface ranges from 5.56 kWhm-2day!
(December) and 8.47 kWhm2day' (May).
This shows that the Ouarzazate area is
suitable for concentrated solar systems for
large-scale electricity production.

The study of the impact of climate change on
the amount of shortwave radiation entering
the underlying surface was conducted by Ita-
lian scientists within the framework of the
CLIM-RUN project for the Mediterranean re-
gion, including the territory of northern and
central Morocco (Calmanti and Dell’Aquila,
2014). The work determined the change in the
amount of shortwave radiation in the period
from 2021-2050 as compared to 1961-1990. As
a result, it was concluded that RSDS is expect-
ed to increase in Southern Europe in the fu-
ture. For the territory of northern and central
Morocco, RSDS is expected to increase to 5
Wm?2 in the northern and northeastern regions
of the country in December—February, while
minimal or zero change is expected from
June-August.

The impact of climate change in Europe (in-
cluding the northern Morocco region) on solar
photovoltaic energy was estimated by
analysing the quantity of RSDS calculated by
the CORDEX project (Jerez et al., 2015). As a
result, it was concluded that RSDS values will
increase from 2070-2099 in the southern
Mediterranean as compared to 1970-1999. To-
day, the WRF and ECHAM models calculate
shortwave radiation parameterization by inter-
polating data obtained from calculating all ab-
sorption lines, taking into account the actual
temperature and pressure. Fourteen spectral in-
tervals are considered separately for shortwave
radiation. The calculation error does not exceed
3 Wm?2in the case of clear skies (Tolstyh, 2016).
An evaluation of CORDEX-Africa project
models shows that a majority of RCMs underes-
timate overland-mean cloudiness and spatial
variability as compared to the gridded surface
station data of the Climatic Research Unit, and
that simulated cloudiness is not as reliable as
precipitation or air temperatures. Simultaneous-
ly, most models simulate the annual cycle in the
western Mediterranean and western Sahara well
(Kim et al., 2014).

The key element in high-accuracy calculation of
radiation balance models for top-of-atmosphere
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(TOA) and surface radiation budgets is the cor-
rect representation of clouds in the models by
identifying characteristics such as cloud cover,
cloud water mass, and cloud particle size. Most
global climate models (GCM) usually represent
hydrometeors in suspended state, which gene-
rates some discrepancies when comparing model
calculations with the results of satellite observa-
tions. The multi-model ensemble mean bias of
RSDS to CMIP5 is ~2.5 Wm?2, mainly due to
positive shifts over the land and negative bias
over the ocean. Constant and systematic spatial
biases in most models with average values of the
multi-model ensemble overestimate RSDS in the
strongly convective region of the tropics. GCMs
underestimate water content due to errors in pre-
cipitation representations and convective cloud
core, which in turn leads to an overestimation of
RSDS (Li et al., 2013). Total cloud cover is a key
component affecting the influx of radiation. Off-
sets in clouds and RSDS calculations have oppo-
site signs (Katragkou et al., 2015).

A study of the current state of the solar poten-

tial of Morocco has shown that solar resources

are abundant throughout its territory. The
hinterland administrative areas of Souss -

Massa Region, Draa - Tafilalet, Laayoune -

Sakia El Hamra, Dakhla — Oued Ed-Dahab,

and Marrakesh — Safi Region (Fig. 1) have suf-

ficient resources to use Concentrated Solar

Power plants (CSP). The western parts have

optimal conditions for Photovoltaic (PV). The

energy strategy of Morocco includes the com-
missioning of such solar energy projects by

2020 (Schinke et al., 2016):

e two mixed CSP/PV solar complexes in
Ouarzazate (510 MW CSP and 70 MW PV),
and Midelt (320 MW CSP and 80 MW PV)
contributing around 980 MW;

e two PV projects in Boujdour (80 MW PV)
and Laayoune (20 MW PV);

e three regional PV complexes — with singular
projects in the range of 10-30 MW —in the
central provinces (100 MW PV Noor Tafi-
lalt, 200 MW PV Noor Atlas and 100 MW
Noor Argana);

e private PV projects with a planned installed
capacity of 470 MW.

The aim of the work is to determine the chara-
cteristics of shortwave radiation distribution
over the territory of Morocco from 2021-2050
and to identify areas with favourable condi-

tions for the development of solar energy in
the near future.

2. STUDY AREA

Morocco is located in the northwest of Africa
at a latitude of 20°N to 35°N. The area of the
territory is 446,550 km? (Fig. 1). It is bordered
by the Mediterranean Sea in the north and the
Atlantic Ocean in the west with a coastline of
1835 km. Morocco is separated from Europe by
the Strait of Gibraltar. The Eastern borders are
within the continent. The territory of the coun-
try can be divided into four physical and geo-
graphical regions: the Rif (mountain region),
located parallel to the Mediterranean coast,
with an altitude not exceeding 1500 m; the At-
las Mountains run from southwest to northeast
and are divided into three main ridges: the An-
ti-Atlas (2360 m), the High Atlas, whose peaks
exceed 3700 m, and the Middle Atlas, the nort-
hern part of which is a plateau at an altitude of
roughly 1800 m; the coastal plains region lying
on the Atlantic coast; the valleys, located south
of the Atlas Mountains, which pass into the de-
sert. The Fes-Taza corridor stretches between
the Rif and the Middle Atlas.
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Figure 1. Map of Morocco (black triangles — model
grid nodes No 36155 and 37155, for which the annual
RSDS and TC cycle is provided; 1 — Souss — Massa, 2

— Draa — Tafilalet, 3 — Laayoune — Sakia El Hamra, 4
— Dakhla — Oued Ed-Dahab, 5 — Marrakesh — Safi).

Slika 1. Karta Maroka (crni trokuti — tocke mreze
broj 36155 i 37155 za koje je dan godisnji ciklus
RSDS 1 TC; 1 - Souss — Massa, 2 — Draa — Tafilalet,
3 — Laayoune — Sakia El Hamra, 4 — Dakhla — Oued
Ed-Dahab, 5 — Marrakesh — Safi).
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The Atlas range passes through the centre of
the country, forming a dividing line between
the two main climatic zones — the Mediterra-
nean northern coastal region, and the southern,
inner region lying on the edge of the hot Sahara
desert.

3. DATA AND METHODS

The CORDEX-Africa project’s regional cli-
mate modelling data with high spatial resolu-
tion were used to study future climate change
in Morocco (Kim et al.,, 2014; Dosio and
Painitz., 2016; IS-ENES, 2018). The CORDEX
climate data were obtained from observational
data analysis (1988-2010) or global climate
models (1950-2100) (CORDEX-Africa, 2019).
RCM modelling was carried out for the region
of Africa, with a spatial resolution of ~44 km.
The model calculation was performed assum-
ing a greenhouse gas concentration scenario of
RCP4.5. Eleven combinations of regional and
global climate models developed at leading re-
search institutes and meteorological centres
around the world were used for the calculation.
A brief description of the models used is pro-
vided in Table 1.

Modelling for the period from 2021-2050 pro-
vided average monthly surface downwelling
shortwave radiation RSDS (Wm2) values; for
more detailed analysis, the average monthly
total cloud cover TC (%) values for this peri-
od were also calculated. The values for the ter-
ritory of Morocco were then extracted from
the modelling data.

As a rule, averaging across the ensemble of
models shows the most successful reproduc-
tion of average climatic characteristics as com-
pared to observational data. This is due to the
fact that the systematic errors inherent in each
model individually are often random in rela-
tion to the ensemble of models; averaging
across the ensemble compensates for these
errors (Pavlova et al., 2014).

To estimate the RSDS change from 2021-2050
as compared to the recent climatic period, the
average monthly RSDS values for 1971-2000
were obtained from the historical run of
CORDEX-Africa RCMs. The satellite obser-
vation data of CERES_EBAF-Surface_Ed4.0
data for the period from 2005-2015 (average
monthly RSDS values) were additionally con-
sidered (Electronic database, 2018).

4. RESULTS AND DISCUSSION

The analysis of average RSDS value for
2021-2050 shows a latitudinal distribution,
with some deviations in the mountainous and
coastal Atlantic ocean areas (Fig. 2a). The lar-
gest RSDS values are simulated in the inner
regions of the southern part of Morocco and
in the Anti-Atlas (250 to 290 Wm2). The lo-
west RSDS values are simulated in the north
of the country in the areas of Tanger — Te-
touan — Al Hoceima region and the Oriental
region, as well as in the Middle Atlas in the
Fes — Meknes Region (200 to 220 Wm?2),
which is a consequence of the increased total
cloudiness in these areas (Fig. 2b).

Table 1. Regional climate models used for the calculations.

Tablica 1. Regionalni klimatski modeli koji su upotrijebljeni za proracune.

N°of |RCM Model Name Driving GCM Data Centre
model|and Version ID
1 KNMI-RACMO22T _v1 | ICHEC-EC-EARTH CNRM, France
2 SMHI-RCA4_v1 CCCma-CanESM2 CCCMA, Canada
3 SMHI-RCA4_v1 CNRM-CERFACS-CNRM-CM5 |CNRM/CERFACS, France
4 SMHI-RCA4_v1 ICHEC-EC-EARTH CNRM, France
5 SMHI-RCA4_v1 CSIRO-QCCCE-CSIRO-Mk3-6-0 | CSIRO, Australia
6 SMHI-RCA4_v1 IPSL-IPSL-CM5A-MR IPSL, France
7 SMHI-RCA4_v1 MIROC-MIROCS5 AORINIES/JAME S&T, Japan
8 SMHI-RCA4_v1 MOHC-HadGEM2-ES Hadley Centre, UK
9 SMHI-RCA4_v1 MPI-M-MPI-ESM-LR MPI, Germany
10 |SMHI-RCA4 vl NCC-NorESM1-M NCC, Norway
11 SMHI-RCA4_v1 NOAA-GFDL-GFDL-ESM2M GFDL, USA
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Figure 2. Mean of multi-RCM ensemble RSDS (Wm?) for 2021-2050 (a); mean of multi-RCM ensemble total
cloudiness TC (%) for 2021-2050 (b); satellite observation RSDS (Wm2) for 2005-2015 (c); RSDS (Wm™)

changes for 2021-2050 versus 1971-2000 (d).

Slika 2. Srednja vrijednost multi-RCM ansambla RSDS (Wm2) za razdoblje 2021. — 2050. (a); srednja vrijed-
nost ukupne naoblake ansambla multi-RCM-a TC (% ) za razdoblje 2021. — 2050. (b); satelitska opazanja RSDS
(Wm™) za razdoblje 2005. — 2015. (c); RSDS (Wm?) promjene 2021. —2050. u odnosu na 1971. — 2000. (d).

The analysis of RSDS changes in 2021-2050 as
compared to 1971-2000 (Fig. 2a, d) shows that
the largest increase is projected in the Rif (0.96
Wm?2). Increases are also expected in the eastern
region (up to 0.65 Wm?2) and in the Moroccan
Meseta (up to 0.68 Wm?2). Decreases are projec-
ted in the southern Atlantic coast (-0.69 Wm?2).

It should be noted that an increase in RSDS
from 3 to 5 Wm2 in the winter months in the
Tanger — Tetouan — Al Hoceima region, the

Oriental region, Fes — Meknes, Rabat — Sale —
Kenitra, and Beni Mellal — Khenifra region was
shown in model calculations received by Italian
scientists as a result of climatic change studies in
the Mediterranean basin within the CLIM-RUN
program (Calmanti and Dell’Aquila, 2014).

It is interesting to estimate the change in the
RSDS value in areas where solar power plants
are located. Let us consider what changes can
be expected at these sites in greater detail.



40 Hrvatski meteoroloski ¢asopis — Croatian Meteorological Journal, 54/55, 2019/20

1. In the Draa — Tafilalet region, where the
largest concentrating and photovoltaic power
stations are located (Ouarzazate, Midelt,
Noor Tafilalt, Noor Atlas, and Noor Ar-
gana plants), the models predict a decrease
of RSDS by up to -0.4 Wm=.

2. In the Laayoune — Sakia El Hamra region,
where large stations are located in Bouj-
dour, the RCMs predict a decrease in RSDS
of up to -0.6 Wm.

3. In Marrakesh — Safi, where a solar photo-
voltaic power plant (Imintanoute) is under
construction as part of the Noor Argana
project, an increase of 0.25 Wm? is expected.
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Figure 3. Annual cycle of total cloudiness TC (%)
and RSDS (Wm?) in grid nodes 36155 (coordinates:
30.75 °N, 7.75 °W) — (a) and 37155 (coordinates:
30.75 °N, 7.25 °W) — (b).

Slika 3. Godi$nji hodovi ukupne naoblake TC (%) i
RSDS (Wm™) u mreZznim to¢kama: 36155 (koordi-
nate: 30,75 °N, 7,75 °W) — (a) i 37155 (koordinate:
30,75 °N, 7,25 °W) — (b).

The annual course of RSDS is influenced by
the amount of incoming solar radiation due to
astronomical factors (the rotation of the Earth
around the Sun, the inclination of the Earth's
axis of rotation relative to the Earth's orbital
plane (ecliptic), the daily rotation of the
Earth) and the annual run of total cloud cover.
The nature of seasonal changes in the arrival
of solar radiation (insolation) is well traced in
the change in its daily amounts at TOA, and
varies at different latitudes.

In the extratropical latitudes of the Northern
Hemisphere, the annual cycle of insolation has
one maximum in June and one minimum in
December (Alisov, 1974; Matveev, 1984). The
amplitude of the seasonal variation of insola-
tion increases with increasing latitude.

For the analysis of seasonal changes in the
RSDS, annual flow graphs were constructed in
the grid nodes of the model located in the
Ouarzazate region (Fig. 3).

As seen in the graphs, the maximum RSDS in
the annual cycle is noted in May. This devia-
tion in RSDS and a shift of the maximum in
the Anti-Atlas can be explained by the influ-
ence of cloudiness, which increases in the
mountains in the summer months due to the
development of thermal convection on the
mountain slopes.

5. CONCLUSION

The results of RCM calculation using the
RCP4.5 scenario showed that the distribution
of average annual RSDS will be quasi-latitudi-
nal in the future, with some deviations in the
mountainous and Atlantic coastal areas. The
areas with the greatest solar energy potential
will be the inland areas of southern Morocco
and the southern slopes of the Anti-Atlas
Mountains, where simulations estimate the
lowest total cloud cover values in addition to
increased shortwave radiation values.

Expected changes in RSDS from 2021-2050
relative to recent climatic conditions have
both positive and negative values. The pro-
jected decrease in shortwave radiation on the
southern Atlantic coast near the city of
Dakhla may be related to the influence of to-
tal cloud cover in this area. In most parts of
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Morocco, RCMs have predicted that RSDS
flux values will either increase or remain un-
changed. The highest increase is projected in
the Rif. The nature of the annual RSDS cycle
in the vicinity of solar installations in the Anti-
Atlas shows that the maximum will be ob-
served in the month of May.

Thus, potential climate change in Morocco will
not significantly affect the arrival of shortwave
radiation; expected changes in RSDS in the
near future as compared to recent climatic
conditions are not large (less than 1% ). Condi-
tions for solar electricity generation will thus
be relatively stable. However, it must be noted
that modelling-related uncertainties have not
been addressed in this research.
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