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Abstract

Morocco is among the regions in the Mediterranean basin most exposed to the impacts of
climate variability and change. This increasing exposure requires a detailed and rigorous
analysis of regional atmospheric dynamics to better understand the mechanisms behind
recent climate trends. This study aims to examine the variability of circulation weather
types (CWTs) at a regional scale over the period 1980–2019, within a geographical area
bounded by latitudes 20◦ to 40◦ N and longitudes 10◦ to 22.5◦ W. The analysis is based
on data from the NCEP-DOE Reanalysis 2, including mean sea level pressure (MSLP) and
geopotential height at 500 hPa (Z500), with a spatial resolution of 2.5◦ in both latitude and
longitude. The adopted methodology identifies daily CWT using a principal component
analysis (PCA) in S-mode with Varimax rotation (PCAV), followed by the evaluation of
their monthly distributions and temporal trends. The analysis highlights a marked trend
toward increased atmospheric configurations conducive to hot conditions during the dry
season, associated with the intensification and northward shift in the Saharan thermal
low. This dynamic is reinforced by the increased frequency of ridges or high geopotential
heights at 500 hPa, which transport warm tropical air toward the region. Moreover, the
study reveals a notable decrease in the frequency of upper-level troughs at 500 hPa during
the wet season. These upper-level troughs play a crucial role in cyclogenesis and the
delivery of precipitation. These findings indicate a shift toward a regional atmospheric
dynamic unfavorable to Morocco’s hydric balance, characterized by more frequent and
intense summer heat and worsening winter drought.

Keywords: circulation weather types (CWT); mean sea level pressure (MSLP); 500 hPa
pessure level (Z500); NCEP-DOE Reanalysis 2; annual CWT trends

1. Introduction
Anthropogenic climate change is driving a significant increase in the frequency and

intensity of extreme weather and climate events. These changes are primarily fueled by
greenhouse gas emissions, which have led to a substantial rise in global temperatures.
Specifically, the global surface temperature increased by 1.1 ◦C during the 2011–2020 period
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compared to the 1850–1900 baseline [1]. In the future, this global warming is projected
to manifest even more severely in the Mediterranean basin. Under the RCP8.5 scenario,
regional temperatures are expected to rise by up to 5.6 ◦C by the end of the 21st century—a
warming rate that exceeds the global average by approximately 20% [2].

Recent research within the Mediterranean Basin underscores that anthropogenically
induced climate change will trigger substantial perturbations in both socio-economic and
ecological systems. Specifically, this trajectory is evidenced by a marked contraction in
freshwater availability and exacerbated hydrological stress [3], coupled with an increased
prevalence of forest fires [4]. Regarding Morocco, future projections indicate a drastic
decline in water resources by 2080, with estimated reductions ranging from 23% to 51% [5].
Consequently, elucidating the atmospheric driving mechanisms behind these shifts in
Morocco is of paramount importance. In this context, therefore, circulation weather types
(CWTs) play a fundamental role in understanding regional climate variability [6,7]. A
systematic analysis of the frequency and long-term trends of CWTs offers a robust diagnostic
perspective on the climatic evolution of the Mediterranean, enabling rigorous scientific
comparisons with other sub-regions across the basin.

The methods for classifying these types have evolved, and their applications in me-
teorology and climatology have expanded [8]. Numerous studies have investigated at-
mospheric circulation at synoptic and seasonal scales through the analysis of weather
regimes [9–12]. It is necessary to refine the spatial scale to describe circulation pat-
terns more accurately as they contribute to climatic variables—such as temperature and
precipitation—at specific locations of interest [13]. In connection with this scale reduction
from global to regional, several methods and approaches have been developed to produce
coherent and relevant classifications.

The classification of circulation weather types has a long-standing tradition in meteo-
rology and climatology. Originally, such classifications—formerly known as synoptic type
catalogs—were primarily developed for weather forecasting. Today, various classification
methods are widely applied in many areas of atmospheric science for different purposes.
Classification thus constitutes one of the core components of synoptic climatology [8].
These classifications provide a valuable analytical framework for evaluating both past
and future climate variability. In particular, they help isolate the dynamic components of
climate, i.e., changes in the frequency, persistence, or configuration of circulation types
within multidecadal fluctuations and trends of atmospheric conditions [14]. Furthermore,
they are widely used tools for describing and analyzing weather situations and climate
regimes, offering a synthetic interpretation of complex synoptic processes [15].

The importance of classifying weather patterns has emerged significantly in recent
decades, particularly in the analysis of air quality. Several studies have established a
direct link between dominant synoptic systems and air pollution; for instance, Ref. [16]
demonstrated that among five typical patterns in China’s Yangtze River Delta, two specific
circulation modes (Patterns 1 and 3) facilitate the transport of pollutants from other regions
toward the Delta basin due to strong northwesterly winds. Consequently, synoptic maps
serve as a predictive tool for air pollution trajectories [17]. This relationship is further refined
using models that correlate wind direction and speed with pollutant concentrations, such as
the Non-parametric Wind Regression (NWR) model used to classify meteorological impacts
on impurity levels [18], or the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, which enables real-time tracking of anthropogenic pollutant transport
and sources [18]. Given the critical role of atmospheric circulation in driving extreme events,
similar research has focused on linking specific circulation patterns to cold spells [19,20],
heatwaves [21,22], and extreme precipitation [23].
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In Morocco, earlier research has primarily focused on the relationship between large-
scale atmospheric circulation modes—especially teleconnections—and certain climatic
parameters, particularly precipitation. For instance, the relationship between characteristic
mid-latitude weather regimes and precipitation in Morocco has been extensively stud-
ied [24]. Connections have also been established between the North Atlantic Oscillation
(NAO) and various associated circulation types [25–29], as well as between the NAO and
the Southern Oscillation [30]. The interaction between tropical and extratropical latitudes
has also been explored [31–33]. However, studies on regional or sub-synoptic circulation
regimes remain limited. Notably, Ref. [34] analyzed the southern slopes of the Atlas Moun-
tains using output from the ECHAM4/OPYC3 and ECHAM5/MPI-OM1 climate models,
focusing on precipitation. Similarly, Ref. [35] investigated typical weather types in Rabat,
while Ref. [36] proposed a typology of summer weather situations. Other contributions,
such as those by [37,38], have addressed precipitation variability. It is important to note
that most studies on weather regimes in Morocco have concentrated on the effects of at-
mospheric circulation teleconnections (notably the NAO) or on specific synoptic events,
often neglecting a detailed analysis of atmospheric circulation directly over Moroccan
territory. Moreover, such research tends to be sectoral, limited to effects over a particular
season or a restricted geographic area. As one exception, a focus on the mean surface
circulation by integrating sea level pressure, maritime and continental trade winds, air
temperature, and sea surface temperature (SST), enabled the characterization of the climatic
break of the 1970s in Morocco and Mauritania. This analysis highlighted a strong increase
in atmospheric pressure over the Mediterranean basin [39]. To bridge this research gap, the
present study provides a comprehensive analysis of regional atmospheric circulation over
Morocco, aiming to enhance the existing body of knowledge in this field of climate studies.

In this study, we aim to analyze the main components of regional atmospheric cir-
culation around Morocco using principal component analysis (PCA) in its spatial form
(S-mode) with Varimax rotation. To this end, we use the SynoptReg package, developed in
R (version 4.4.2)R by [40], which allows for the extraction of dominant circulation regimes,
the study of their monthly frequency, and the evaluation of their statistical trends. The
study relies on data from the NCEP-DOE Reanalysis 2, including sea-level pressure (MSLP)
and 500 hPa geopotential height (Z500) fields, with a spatial resolution of 2.5◦ in both
latitude and longitude.

The article is structured into two main sections: the first presents the data used and
the methodology adopted for classifying circulation types; the second is devoted to the
analysis and discussion of the results, comparing them with findings from previous studies
conducted in Morocco and neighboring regions.

2. Materials and Methods
2.1. Materials (Study Area and Data)
2.1.1. Study Area

Morocco (21–36◦ N, 1–17◦ W) is characterized by a unique geographical positioning
that subjects it to diverse maritime influences from both the Atlantic Ocean and the Mediter-
ranean Sea, as well as Saharan and orographic factors (Figure 1). According to the Köppen
climate classification [41,42], four major climatic zones are identified: the Mediterranean
climate (Cs) spanning the northern half of the country, the semi-arid steppe climate (BS)
in the Eastern region (Oriental), the arid desert climate (BW) dominating the south and
southeast, and the mountain Mediterranean climate (Ds). Geographically, Morocco serves
as a critical junction for the interaction between polar air masses from the north and tropical
air masses from the south.
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Figure 1. Geographical Setting and Main Orographic Features of Morocco.

2.1.2. NCEP Reanalysis Data: MSLP and Z500 Fields

This study is based on the NCEP-DOE Reanalysis II (R-2) model, produced by the
National Centers for Environmental Prediction (NCEP). As detailed by [43], the R-2 model
was specifically developed to resolve various errors and systematic biases identified in
its predecessor. This model utilizes a sophisticated data assimilation system to integrate
a wide array of observational sources—including satellite radiances, radiosondes, and
surface reports—into a physically consistent global grid. Significant technical improve-
ments in the R-2 version, such as the implementation of the Hong-Pan non-local boundary
layer diffusion and the Chou shortwave radiation scheme, have enabled a more pre-
cise representation of tropospheric humidity and surface energy fluxes. Furthermore,
the correction of the ‘spectral snow’ issue and the inclusion of a simple precipitation
assimilation over land surfaces ensure that the Mean Sea Level Pressure (MSLP) and
500 hPa Geopotential Height (Z500) fields are homogenized and reliable for synoptic-
scale analysis over Morocco. These data, provided at a spatial resolution of 2.5◦ × 2.5◦,
were obtained from the NOAA Physical Sciences Laboratory (PSL) and are publicly ac-
cessible (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html, accessed on 28
December 2024).

While Morocco’s terrestrial boundaries extend from 21◦ N to 36◦ N and 1◦ W to 17◦ W,
a synoptic domain of 20◦ to 40◦ N and 10◦ to 22.5◦ W was deliberately selected for this
study. This extension is essential for tracking the dynamics of the primary atmospheric
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centers of action, namely the Azores High, the Saharan thermal low, and the cyclonic
disturbances associated with mid-latitude perturbations, all of which directly influence the
Moroccan climate. By covering 126 grid points, this domain facilitates a full identification
of regional Circulation Weather Types (CWTs) at both the sea level and the 500 hPa isobaric
surface. This approach captures the daily variations in regional atmospheric circulation
under the influence of the governing centers of action. To ensure a robust characterization,
we employed a dual-parameter approach: while MSLP identifies surface-level pressure
centers, the 500 hPa level represents geostrophic flows in the mid-troposphere and the
passage of upper-level troughs and ridges, which mark polar and tropical influences,
respectively. This integrated analysis of the tropospheric vertical structure is fundamental
for understanding synoptic forcing across the Mediterranean and North African regions.

2.2. Methodology for CWT Classification and Synoptic Linkage to Extremes

In this study, we employed the PCA method applied in S-mode with Varimax rotation,
using the SynoptReg package developed by [40]. This analytical mode is based on a
data matrix where the variables correspond to grid points (MSLP and Z500), and the
observations represent the days of the study period.

The application of S-mode PCA facilitates the removal of the spatial mean [25] and
the identification of homogeneous variability zones, thereby enhancing the robustness
of the results. Moreover, performing PCA without rotation can lead to instability in
the factor subspace, limiting the interpretability of the findings. While this is a known
challenge in climatology [26], it is equally relevant in broader environmental sciences;
for instance, in air pollution research, where such methodology is essential for accurate
source identification [44]. As a result, many researchers recommend the application of an
orthogonal rotation—specifically Varimax rotation—to enhance the clarity and physical
interpretability of the components.

Varimax rotation applied to the component matrix facilitates the identification of sub-
groups of grid points with similar temporal behavior [45]. This method aims to maximize
the variance of the loadings within each principal component (PC), making the associated
spatial structures more distinct. This facilitates the identification of well-defined CWT
patterns while minimizing dependence on the initial spatial configuration. The spatial
patterns obtained from the rotated PCs are generally more interpretable than those resulting
from unrotated PCA [46,47]. After rotation, the principal components are ranked accord-
ing to the percentage of variance explained in the study domain to isolate representative
circulation types.

The extracted Principal Components (PCs), considering both their positive and neg-
ative phases, are interpreted as potential groups of Circulation Weather Types (CWTs).
Following the methodological framework of [48], a threshold of ±2 was applied to each
component to identify the most representative synoptic days. Observations with extreme
scores (greater than +2 or less than −2) were selected, as these extreme values characterize
the most distinct atmospheric states within each component. The mean of these extreme
days constitutes the centroids used for the subsequent K-means classification step.

Final classification is performed using the K-means method, using these centroids
as initial seed points. Each day is then assigned to the group of CWT it is closest to.
Previous studies have highlighted the usefulness of this approach in obtaining balanced
groups [48,49]. This method is based on minimizing intra-cluster dispersion, which im-
proves the internal cohesion of the groups [50].

The combined PCA—Varimax rotation and K-means classification approach thus pro-
vides a coherent, robust, and physically interpretable typology of CWT in the study region.
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An analysis of the frequency of the extracted PCs was conducted at both annual and
monthly time scales to examine their seasonal distribution and interannual variability.
Subsequently, a trend analysis of the annual frequency of these components was carried
out using a linear regression model applied to the time series of each PC frequency. The
statistical significance of these trends was assessed using the p-values associated with the
slope coefficients, allowing us to identify the components whose evolution is statistically
significant at confidence levels between 0.1 and 0.01.

To evaluate the relationship between atmospheric circulation and extreme meteorolog-
ical events, a rigorous synchronization procedure was established between the daily CWT
catalog and ground-based observations provided by the General Directorate of Meteorol-
ogy (DGM, Casablanca Morocco). The identification of extreme thermal events followed
a percentile-based methodology, as recommended by [51]. A heatwave was defined as a
period of at least three consecutive days where both maximum and minimum temperatures
(Tmax and Tmin) reached or exceeded the 9th decile (90th percentile). This analysis specifi-
cally focused on the summer months, characterized by significantly higher temperature
thresholds compared to other seasons. Regarding precipitation, events were classified
as ‘wet days’ using a daily threshold of ≥1 mm, in strict adherence to the international
standards established by the Expert Team on Climate Change Detection and Indices (ETC-
CDI) and implemented within the Climpact framework (https://climpact-sci.org/). By
cross-referencing these standardized extreme event dates with the synchronized daily
atmospheric circulations, we calculated the percentage contribution of each Circulation
Weather Type (CWT) at both the Sea Level Pressure (SLP) and the 500 hPa geopotential
height (z500) levels.

3. Results and Discussion
3.1. Representative PCs of Surface CWTs (MSLP in hPa)

The selection of six clusters was primarily dictated by their ability to encapsulate
the diverse atmospheric circulation patterns affecting Morocco. Statistically, the first six
principal components (PCs) account for 95% of the total variance (see Supplementary
Materials, Figure S1 and Table S1), providing a robust representation of atmospheric
variability while filtering out residual statistical noise. To validate this selection, the K-
means clustering method was applied to these PCs, confirming that six clusters achieve an
optimal balance between granularity and redundancy. Physically, this number (k = 6) allows
for a clear distinction between key synoptic configurations affecting the region, notably
Atlantic disturbances, Saharan thermal lows, and the varying positions of the Azores
High, without over-segmenting the data into overlapping or non-significant patterns.
Furthermore, although 5% of the initial variance was excluded as noise, the clustering
procedure effectively reassigned all study days to their most statistically similar synoptic
type. Consequently, the annual frequencies presented in Table 1 reflect the comprehensive
daily contribution of each pattern, ensuring that no meteorological cases were omitted from
the final analysis.

Table 1. Annual relative frequency of PC at Mean Sea Level Pressure (MSLP) (1980–2019).

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

Frequency of days (%) 10.10 35.00 13.31 11.50 13.79 16.3

Each component was analyzed in both its positive and negative phases, following
the functionalities of the SynoptReg package [40]. As a result, three initially extracted
components yielded six distinct PC groups, enabling a nuanced interpretation of the CWT
observed during the study period (Figure 2).
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Figure 2. Spatial patterns of the Circulation Weather Types (CWT) in terms of Mean Sea Level
Pressure (MSLP).

PC1 reflects an extension of the Azores anticyclonic ridge toward Morocco, dynami-
cally driven by the descending branch of the Hadley Cell over the tropical regions of the
Northern Hemisphere. This configuration corresponds to an anticyclonic circulation type,
typically associated with stable atmospheric conditions that inhibit the intrusion of polar
frontal disturbances.

PC2 corresponds to the development of a thermally induced low-pressure system,
with its center (1009 hPa) located over northern Mali, while the Azores High retracts toward
the central Atlantic Ocean. This configuration aligns with several studies examining the re-
lationship between the Saharan low-pressure system and mid-latitude circulations [52–55].
It represents a cyclonic circulation type, generally associated with hot and dry weather
conditions during the summer season [55]. Moreover, Ref. [56] showed that the northward
shift in the Saharan low-pressure system is strongly correlated with a maximum in solar
radiation transfer toward northern regions, confirming its thermal origin.

PC3 illustrates an intermediate configuration between those described by PC1 and
PC2. In this case, the Azores High is positioned closer to the Moroccan coast, while the
Saharan low adopts a more southerly position compared to PC2. This specific placement
of pressure systems around the territory promotes a northeast (NE) circulation, whose
increased winter frequency is generally associated with cold and dry conditions in Morocco.
Conversely, during the summer season, this same configuration is often responsible for
intense heatwaves across the country [55].

PC4 highlights the presence of a depression system centered off the Portuguese coast.
This is a dynamically driven depression typical of temperate latitudes, linked to the prox-
imity of the polar front in the Iberian-Atlantic and Moroccan regions. This configuration is
favored by a southerly position of the Azores High, which allows the incursion of disturbed
westerly flows into Morocco. This type of cyclonic circulation supports the arrival of
precipitation in the country due to the advection of moist air masses from the west (W),
northwest (NW), and southwest (SW) sectors [55].

PC5 represents an atmospheric configuration characterized by a northward extension
of the subtropical high-pressure system, covering the Iberian Peninsula and the western
Mediterranean basin, while the Saharan depression remains more southerly. The fifth
component represents a situation of the subtropical high pressure over the Iberian Peninsula
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and the western Mediterranean Sea, a situation confirmed by a recent study on Spanish
territory [57].

Finally, PC6 depicts a progressive decrease in atmospheric pressure from the west,
consistent with [58] findings on atmospheric dynamics in the western Mediterranean
basin. This configuration favors the establishment of a northerly circulation over Morocco,
characterized by the advection of cool and moist air masses from the North Atlantic,
significantly influencing winter and spring weather conditions in the region (see Table 2).

Table 2. Percentage contribution (%) of NCEP-DOE Reanalysis II Principal Components (Sea Level)
to heatwaves and precipitation events, derived from raw data provided by the General Directorate of
Meteorology (DGM, Morocco).

Rainfall Heatwaves Phenomenon

≥1 mm ≥90th Percentile for 3 Consecutive Days
(Tmax & Tmin) During Summer

Statistical
Threshold

Fez Casablanca Fez Casablanca Station

12.71 11.33 0 0 PC 1

8.17 13.46 98.63 98.87 PC 2

4.49 5.51 1.37 1.13 PC 3

30.07 24.84 0 0 PC 4

4.66 4.57 0 0 PC 5

39.91 40.29 0 0 PC 6

On an annual scale, the relative frequency of the components highlights the dominance
of PC2, while the other components display relatively similar annual frequencies (Table 1).
It is also useful to analyze the relative frequency of each component according to the
different months of the year.

• Monthly analysis of the frequencies of PC of CWTs at the Mean Sea Level Pressure (MSLP)

The monthly analysis of the principal components reveals that the frequency of PC1
is particularly high during the winter months (December, January, and February). This
component is associated with the extension of the Azores anticyclonic ridge over Moroccan
territory, which is further reinforced by snow cover over the Atlas Mountains during this
season [38]. Its frequency peaks in January at 36%, followed by December at 28% (Figure 3).
A study by [59] on the western Mediterranean showed that this situation experienced a
notable increase in winter between 1979 and 2009, compared to other seasons. Furthermore,
Ref. [60] demonstrated that the expansion of the Azores High began as early as 1850 and has
intensified significantly throughout the twentieth century. Similarly, Ref. [61] highlighted a
strengthening of extreme configurations of the subtropical anticyclone during winter in the
western Mediterranean.

This is followed by the fifth principal component (PC5), which corresponds to an
atmospheric pattern characterized by anticyclonic circulation, predominantly resulting in
dry weather conditions over Morocco (Table 2). This weather regime was also identified
by [62] in their analysis of Mediterranean weather patterns. It mainly occurs between
October and March, with a peak frequency in December.

PC4 contributes significantly to atmospheric circulation from October (18.4%) to
December (15.2%) and to a lesser extent in March. It corresponds to a configuration
characterized by local cyclogenesis influenced by disturbances originating from temperate
latitudes. These disturbances, responsible for local depressions in several Mediterranean
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regions, including Morocco (Table 2), occur when mid-latitude low-pressure systems
interact with the upper-level jet stream, which reaches its southernmost position [63].

Figure 3. Monthly relative frequencies of PC of Surface CWT.

During the winter season, it has been recently demonstrated that PC1 and PC5 are the
dominant configurations [57,64]. Other principal components contribute relatively little
during this period. In winter, the Saharan depression tends to almost completely disappear
from northern Africa, retreating southward beyond the Darfur Mountains, as shown by the
work of [56].

PC6, representing a northerly advective flow, is more frequent between March and
June (Figures 2 and 3). The atmospheric configuration associated with this component
marks a transition phase toward northeasterly and easterly circulations, as confirmed by
previous studies [64]. This situation could result from the combined intensification of
Afro-Asian depressions and the subtropical anticyclone, which become characteristic of
much of the Mediterranean basin during spring [63].

The period from March to July is marked by a higher frequency of PC3, while the
April–September season is dominated by PC2 (21.1% in August). Both components corre-
spond to an atmospheric configuration characterized by a northeasterly (NE) flow over
Morocco. This flow is particularly pronounced in the case of PC3 due to a steeper pressure
gradient associated with this configuration. During this time of year—spanning from
spring to early autumn—dominated by hot and dry conditions, there is a marked retreat of
the subtropical anticyclone toward the central Atlantic Ocean, between 30◦ and 50◦ N and
20◦ to 50◦ W [65].

In the Mediterranean context, this westward retreat of the subtropical anticyclone
has also been documented, coinciding with a northward extension of the Saharan depres-
sion [58]. This retreat of the Azores High toward western Morocco promotes the expansion
of the Saharan depression between the Hoggar and Atlas Mountains [56,64], thus leading
to a significant rise in temperatures across North Africa and the Mediterranean basin [66].
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In July, the subtropical anticyclone reaches its maximum intensity over the heart of the
North Atlantic Ocean [67], facilitating the sustained establishment of NE and E flows over
Moroccan territory. As a result, PC2 and PC3 become the most frequent during this period
(Figure 3).

The monthly frequency analysis shows that PC1 is predominantly observed during
the calendar months of the rainy season (December 28.1%, January 36.1%). However, it is
essential to clarify that PC1 represents an anticyclonic configuration. Its high frequency
during this period does not imply precipitation; on the contrary, it accounts for the persis-
tence of stable conditions and dry spells within the wet season, as the region remains under
the influence of the Azores High.

Furthermore, PC4 and PC5 are almost entirely absent during the summer season. PC4,
linked to cyclogenesis processes, generates unstable weather conducive to precipitation.
In contrast, PC5 is associated with an easterly to southeasterly flow, often responsible for
dry conditions. This configuration may lead to reduced precipitation due to the extension
of high pressure over the Mediterranean and North Africa 32. Conversely, PC3 and PC6
occur throughout the year. PC3 frequency peaks in June (16.1%), while PC6 peaks in April
(14.7%) and May (15.8%). These configurations reflect the seasonal variability of CWT
regimes over Morocco and illustrate the contrasts between wet and dry seasons through
their differing occurrences.

• Trend analysis of the PCs representative of CWTs at the Mean Sea Level Pressure (MSLP)

Following the frequency analysis of the PCs at both annual and monthly scales, it is
relevant to examine the trends of these components over the 1980–2019 period. The results
of this analysis (Figure 4) reveal that only PC2 and PC3 exhibit statistically significant
trends, and in opposite directions.

Figure 4. Annual trends of 6 PCs of surface CWTs (MSLP). White Circles: Annual observations (data
points). Red Line & Equation: Linear regression trend and its formula. Grey Area: 95% Confidence
Interval. Blue Statistics: Pearson correlation (R) and p-value.
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PC2 shows a highly significant upward trend at the 0.01 level (p = 1.8 × 10−4), whereas
PC3 displays a significant downward trend at the 0.05 level (p = 0.04). It is worth noting
that both components are associated with northeastern to anticyclonic northeastern cir-
culation regimes, according to the Lamb classification [55]. However, their atmospheric
characteristics differ substantially.

PC2 is linked to a strengthening of the Saharan low, which tends to shift northward,
along with a weakening of the pressure gradient associated with the Azores High. In
contrast, PC3 reflects a situation in which the Saharan depression is located further south,
with a stronger pressure gradient between it and the Azores anticyclone. These two
contrasting configurations reflect an overall trend toward the intensification and northward
extension of the Saharan low, accompanied by a gradual weakening of the Azores High.

The reduction in the pressure gradient observed in the configuration associated with
PC2 suggests a decrease in northeasterly wind speeds. This observation aligns with the
findings of [64], who reported a decline in mean wind speed due to the weakening of the
pressure gradient within the Azores High, particularly during summer and autumn, by
the end of the 21st century. They also highlighted a significant increase in the frequency of
thermal lows over the greater Sahara and the Iberian Peninsula. These elements confirm
the increasing trend of PC2 frequency over Morocco observed in the present study.

The increased frequency of PC2 may also contribute to the intensification of heatwaves
in the study region (Table 2). These results are consistent with those of [68] for Spain
and [57] for the Iberian Atlantic coast. Furthermore, Ref. [68] identified a positive trend in
dry weather regimes alongside a negative trend in westerly regimes, which are typically
associated with a high probability of precipitation, an evolution also observed in Morocco
by [30].

To consolidate these results, we conduct a Principal Component Analysis (PCA) of
the circulation at the 500 hPa isobaric surface. The objective is to investigate the role of
ridges and troughs within the mid-troposphere and to examine the extent to which their
evolution is in phase with the atmospheric circulation patterns observed at sea level.

3.2. Representative PCs of CWTs at the 500 hPa Isobaric Level (Geopotential Decameters (dam))

While the Principal Component Analysis (PCA) of atmospheric circulation at sea
level is essential for identifying the locations of surface anticyclones and depressions,
the classification based on the 500 hPa isobaric surface provides an understanding of
mid-tropospheric dynamics. This S-mode PCA-based classification extracts six principal
components that describe the geopotential height at this level. These six PCs account for 97%
of the total daily variability prior to rotation (see Supplementary Materials, Figure S2 and
Table S2). Following the same methodological steps applied at the surface level—including
Varimax rotation and K-means clustering—these components effectively cover 100% of the
study days. This ensures that every daily observation is assigned to its most statistically
similar mid-tropospheric pattern, allowing for a direct correlation between surface-level
trends and the atmospheric dynamics at this altitude.

The PCA of CWTs reveals six principal components (PCs). Overall, PC1 is the most
frequent, with a frequency reaching 23%, followed by PC3, while the remaining principal
components show relatively low and comparable frequencies (Table 3).

Table 3. Annual relative frequency of the representative PCs of the CWTs at the 500 hPa level during
the period 1980–2019.

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

Frequency of days (%) 22.69 14.59 20.27 13.51 15.85 13.09
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The atmospheric configurations described by the geopotential heights of the 500 hPa
isobaric surface (in decameters geopotential—dam) are relatively simple, generally taking
the form of troughs or ridges, yet they show important nuances. Low geopotential heights,
corresponding to surface low-pressure zones, are located below 556 dam, while high
geopotential heights, associated with surface high-pressure zones, exceed this threshold.

According to the first component, it appears that the Moroccan territory lies within an
area characterized by high isobaric levels, particularly in the Southern and South-Eastern
regions (Figure 5). The meteorological situation takes the form of a quasi-zonal flow regime,
with a Southwest/Northeast axis.

Figure 5. Spatial patterns of the Circulation Weather Types (CWT) for the 500 hPa geopotential height,
expressed in geopotential decameters (dam).

The second component shows Morocco in a transition zone between troughs and
ridges in the middle tropospheric layers, with troughs located to the East and Northeast,
and ridges to the South and Southwest.

The third component represents a ridge directly over Moroccan territory, correspond-
ing to the Southern regions being at high isobaric levels. The first and third components
primarily contribute to the arrival of warm air masses towards Morocco (Table 4). The
characteristic meteorological situation at this isobaric level blocks the upward processes of
warm air from the surface to the middle and upper layers. This is due to lower temperatures
in the center of the troposphere over North Africa, which slows the upward movements of
warm air [69]. Furthermore, the situation where the Saharan low exhibits high temperatures
to the West and lower temperatures to the East strongly influences rising temperatures
in North and West Africa [53]. This leads to surface-level circulations from the East and
Northeast, often resulting in temperatures in North Africa rising beyond usual values.

The fourth and fifth components (Figure 5) show a zonal gradient of isobaric surfaces
from north to south, with differences in the intensity of this gradient between the two
components. In the fourth component, the zone of strongest descent in the isobaric surfaces
appears in Northwestern Morocco, while the area of strongest ascent is in the Southeastern
part of the country. Conversely, the fifth component shows that the zone of strongest
descent manifests in Northeastern Morocco, whereas the ascent is located in the Southwest.
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Table 4. Contribution (%) of NCEP-DOE Reanalysis II Principal Components (500 hPa) to heatwaves
and precipitation events, derived from raw data provided by the General Directorate of Meteorology
(DGM, Morocco).

Precipitation Heatwaves Phenomenon

≥1 mm
(1980–2016)

≥90th Percentile for 3 Consecutive Days
(Tmax & Tmin) During Summer (1980–2019)

Statistical
Threshold

Fes Casablanca Fes Casablanca Station

11.72 7.65 24.42 20.46 PC 1

6.66 7.42 0 0 PC 2

2.09 0.69 74.42 77.27 PC 3

33.04 36.28 0 0 PC 4

42.57 43.76 0 0 PC 5

3.92 4.2 1.16 2.27 PC 6

Additionally, the fourth component corresponds to a situation where the semi-polar jet
stream emerges in the upper atmospheric layers, allowing disturbances to reach Morocco.
The fifth component, on the other hand, shows the entry situation of this jet stream, typically
leading to an absence of disturbances in the country. In this situation, Morocco lies within
areas characterized by descending air from the upper layers.

The last component is distinguished by a weak gradient of isobaric surfaces over
Morocco compared to the other components and does not present any clearly identifiable
meteorological configuration.

• Monthly analysis of the frequencies of PC of CWTs at the 500 hPa isobaric surface

The monthly relative frequency of PCs clearly distinguishes those associated with the
hot and dry season from those typical of the wet season (Figure 6). Indeed, PC1 and PC3
characterize the months from May to October and from June to October, respectively. These
components correspond to ridges associated with tropical warm air advection, responsible
for the establishment of strong high geopotential over the country. The frequency of PC1
peaks in June (24.5%), while that of PC3 reaches its maximum in July (27.7%) and August
(28.1%). These two atmospheric configurations lead to a high frequency of heatwaves in
Morocco, with the third component (PC3) showing the most significant impact during the
peak summer months (Table 4).

Conversely, the other components, mainly associated with the wet season, are mostly
related to upper-level troughs, with the exception of PC6, which also represents a high-
pressure system but is less pronounced than PC1 and PC3. The frequency of these wet-
season components is higher between November and April, the wettest period of the year.

According to [69], these synoptic conditions are accompanied by inversion layers in
the lower troposphere, characteristic of the hot Saharan depression in summer. This is an
aerological situation dominated by warm air both at the surface and in the upper levels.
The appearance of such configurations is generally followed by hot and dry weather at the
surface, due to the northward shift in the Saharan low-pressure system beyond its usual
position, along with the advection of tropical warm air aloft.

Regarding the components associated with the rainy season, it has been established
that the passage of upper-level troughs, a result of slow atmospheric circulation, plays
a crucial role in the formation of precipitation over Morocco. Processes of convective
instability and dynamic ascent typically develop to the east and beneath the axes of these
troughs. This is exemplified by PC4, where such conditions can induce cyclogenesis,
leading to rainfall across much of Atlantic Morocco and its mountainous regions (Table 4).
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Precipitation is also linked to the characteristic pattern of PC5 (Table 4); however, it remains
generally weak. This is because the associated upper-level troughs are typically positioned
or deepen to the east of the Moroccan domain.

Figure 6. Monthly frequency of the PCs representative of CWTs at the 500 hPa level.

In contrast, along the Mediterranean coast, most precipitation is observed on the
western side of the upper-level trough (as in PC2) [33], where cyclogenesis often occurs
over the western Mediterranean Sea.

In the Anti-Atlas region, precipitation events are associated with deep troughs ex-
tending as far as the Canary Islands or the Sahara (e.g., PC4). These events typically
occur east of the trough axis [33], with the orographic effect of the High Atlas further
enhancing precipitation.

When the upper-level troughs deepen significantly, they may trigger local cyclogenesis.
In extreme cases of meridional cold polar air advection aloft, a cold cut-off low may
detach from the main flow and settle within the subtropical warm air mass that dominates
the upper troposphere above Morocco. This configuration generates strong convective
instability, potentially causing heavy precipitation over large areas of the country [55].

Such local depressions [65,70] explain the occurrence of precipitation, especially
in regions shielded from the direct influence of Atlantic lows thanks to the presence
of orographic barriers such as the southern slopes of the Atlas Mountains and the
Mediterranean coast.

This monthly frequency analysis of principal components, which represent mid-
tropospheric atmospheric configurations, highlights a strong coherence between seasonal
characteristics and dominant atmospheric patterns. It therefore becomes essential to ex-
amine the annual trends of these components in order to identify those most affected by
climate change. This approach will also allow for assessing the extent to which these
evolutions align with trends observed in the principal components characterizing surface
atmospheric circulation.
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• Trend analysis of the PCs representative of CWTs at the 500 hPa isobaric surface
altitude levels (dam)

The trend analysis of the principal components (PCs) revealed that five of the six
identified components exhibited statistically significant trends during the study period.
Specifically, components PC3 and PC5 showed a significant increasing trend at the 95%
confidence level. In contrast, components PC2 (at the 95% level), PC4, and PC6 (at the 90%
level) displayed a significant decreasing trend, as illustrated in Figure 7.

Figure 7. Annual trends of PCs representative of the CWTs at the 500 hPa isobaric surface level.
White circles represent annual observations, the red line shows the linear regression trend, and the
grey area indicates the 95% confidence interval.

The positive trend in PC3 reflects an increasing frequency of ridging (upper-level high
pressure) in the mid-troposphere. This pattern is likely to lead to a higher frequency of
hot and dry weather conditions during the warm season in Morocco, as it is associated, at
sea level, with the northward advance of the Saharan thermal low, which facilitates the
advection of hot, dry air masses with an easterly to northeasterly flow.

Conversely, the increase in PC5 is linked to a low probability of rainy days, as it
represents a scenario where the Moroccan region lies within the exit region of the upper-
level jet stream—a synoptic pattern typically not conducive to precipitation over Morocco.

The decline in the frequency of PC2 and PC6 corresponds to a decrease in the oc-
currence of thermally mild and dry weather. This is because these components are asso-
ciated with the prevalence of high-pressure systems over the Moroccan region, albeit of
weaker intensity.

Meanwhile, PC4 exhibits a negative trend, which may result in a decrease in wet
days. This component represents patterns associated with the deepening and passage of
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synoptic-scale low-pressure systems (disturbances) across northern Morocco, particularly
its northwestern face.

Collectively, the observed decline in these key atmospheric circulation components
suggests a potential future increase in the frequency of warmer weather patterns.

Previous studies have shown that the decline in precipitation over the southern
Mediterranean basin is related to a decrease in the frequency of atmospheric depressions
affecting the southern shore, contrasted with an increase in their occurrence over the north-
ern shore [71]. This evolution is largely attributed to a shift in depression tracks, deviated
northward [25]. The retreat of these low-pressure systems may be linked to the gradual
displacement of the baroclinic zone toward higher latitudes [25], thereby favoring the
prolonged persistence of high-pressure systems over North Africa. Furthermore, multiple
studies have demonstrated that the subtropical anticyclone has shifted northward since the
1970s, thereby enhancing the blocking of perturbation flows from mid-latitudes [72].

The components showing statistically significant increases are associated with ridge
configurations over Moroccan territory, indicating a higher likelihood of hot days, particu-
larly during summer months when these patterns are most frequent. Previous synoptic-
scale studies have highlighted a northward and northeastward shift in circulation at mid-
tropospheric levels. This shift is manifested by an increased concentration of isobaric levels
above Morocco and southwestern Europe [26,73], a rise in the frequency of the zonal phase
of the North Atlantic Oscillation (NAO) [74,75], as well as the expansion of the subtropical
anticyclone [60]. Additionally, an increase in the frequency of easterly circulations, at the
expense of westerly circulations, has been observed [25], reinforcing the warm and dry
nature of dominant weather patterns in Morocco over recent decades.

4. Limitations and Directions for Future Research
Despite the results obtained in this study, which reveal a trend towards an increased

frequency of dry and hot air masses during the hot season and an increased frequency of
anticyclonic situations during the rainy season (based on the NCEP-DOE Reanalysis II
model), these findings require cautious interpretation, taking into account the following
methodological limitations:

Firstly, this study relied on a single modeling data source. To enhance the robustness
and generalizability of the results, it is recommended to replicate the analysis using addi-
tional data sources, such as ERA5 reanalysis data. This would allow for a test of the findings’
consistency across different datasets, including those with higher spatial resolutions. It is
expected, however, that the regional atmospheric circulation patterns and trends studied
here will be fairly uniform across reanalyses.

Secondly, the analysis remained at the regional scale, without exploring potential
correlative or causal relationships with large-scale climate variability modes, such as the
North Atlantic Oscillation (NAO), the Atlantic ridge regime, and atmospheric blocking.
Integrating such cross-scale analysis into future research would help distinguish local
influences from those related to synoptic-scale atmospheric circulation.

Thirdly, the study focused on analyzing the characteristics of the classified circulation
weather types themselves, without extending this analysis to evaluate their detailed impacts
on key surface climate variables, particularly temperature and precipitation at the local
scale. Bridging this gap between the analysis of atmospheric dynamics and its direct
climatic effects constitutes a necessary avenue for future research, given its importance for
climate change adaptation strategies.

https://doi.org/10.3390/atmos17050445

https://doi.org/10.3390/atmos17050445


Atmosphere 2026, 17, 445 17 of 21

5. Conclusions
This study is situated within the context of Morocco’s increasing vulnerability to

climate change, marked by a growing risk of heatwaves and prolonged droughts. It aims
to analyze the variability and trends of CWTs at both surface and upper levels (Z500) over
the period 1980–2019 in order to better understand the synoptic configurations influencing
the regional climate. To this end, a classification of CWTs was performed using spatial PCA
with Varimax rotation, applied to sea level pressure fields and 500 hPa geopotential height
from the NCEP/DOE reanalysis dataset.

The surface-level analysis reveals strong seasonal variability as well as significant
changes in dominant circulation regimes. Anticyclonic configurations, notably PC1, pre-
dominate in winter and reflect a stable atmospheric situation linked to the extension of the
Azores high ridge. Conversely, PCs 2 and 3, dominant from spring to early autumn, are
associated with northeast sector flows influenced by the variable position of the Azores
high and the Saharan low. A marked increase in PC2 indicates a strengthening and north-
ward progression of the Saharan low, as demonstrated by the study of [56]. This trend is
further confirmed by more recent multi-model simulations [76], which show a significant
intensification in Saharan Heat Low (SHL) activity during the 2000s compared to the 1980s.
Conversely, the decline in PC3 reflects a strengthening of the Azores high combined with a
more southerly position of the Saharan low. This trend towards a gradual northward shift
in the Saharan low points to a transition toward conditions that exacerbate summer drought
and increase the frequency and intensity of heatwaves during the same season in Morocco.
This finding aligns with expected climate change impacts in the western Mediterranean
basin. Ref. [77] highlighted an increase in the number of dry days in the Azores region as a
result of the strengthening of this high-pressure system by the end of the 21st century.

At altitude, the analysis of circulation types at 500 hPa shows that ridges (PC1 and
PC3), predominant in the warm season, correspond to a meridional south-to-north flow of
warm tropical and continental air, reinforcing atmospheric stability and favoring a hot and
dry climate during this part of the year. These conditions in the mid-troposphere during
the dry season are reinforced by surface evolution characterized by a strengthening and
northward displacement of the Saharan low. In contrast, upper-level troughs (PC4, PC5)
and PC6—a less pronounced ridge extending south to north across Morocco—predominate
during the wet season. The passage of these troughs over Morocco favors cyclogenesis
and atmospheric instability. The significant decrease in the frequency of troughs, partic-
ularly PC4, reflects a retreat of conditions favorable to instability and precipitation, thus
contributing to the recurrence of drought episodes during the normally rainy period from
November to March.

In conclusion, the analysis of atmospheric dynamics over Morocco reveals a trend
toward unfavorable climatic conditions during both the dry-hot and wet seasons. During
the dry season, the aerological structure characterized by the establishment of warm conti-
nental tropical air at surface and upper levels promotes the strengthening of the Saharan
low as well as the intensification of a strong geopotential high aloft. These phenomena
contribute to the increase and intensification of the risk of summer heatwaves. Conversely,
during the rainy season, the decline in the frequency of upper-level troughs—especially
PC4, whose axis is located west of the country—may explain the recurrent drought episodes
observed over the past four decades (1980–2019).

This evolution is consistent with current observations and future climate projections
for the Mediterranean region and highlights the crucial importance of such diagnostics to
effectively anticipate and better manage the impacts of climate change on water resources,
agriculture, forest ecosystems, and the health of vulnerable populations.
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Figure S2: Proportion of total variance explained by the initial Principal Components (PCs) for the
500 hPa geopotential height (1980–2019); Table S1: Summary of Principal Component Analysis (PCA)
for Surface Mean Sea Level Pressure (MSLP); Table S2: Summary of Principal Component Analysis
(PCA) for the 500 hPa geopotential height.
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