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In-depth Exploration of Temperature Trends in Morocco: Combining Traditional Methods
of Mann Kendall with Innovative ITA and IPTA Approaches

ZOHAIR QADEM]

Abstract—This study examines trends in minimum and maxi-
mum temperatures at various climate stations located in different
regions of Morocco for a period of five decades (1970 to 2019).
Mann—Kendall, Sen’s estimator, Innovative Trend Analysis (ITA)
and Innovative Polygon Trend Analysis (IPTA) were used in the
analysis. The results show significant fluctuations, at different time
scales, between minimum and maximum temperatures at all sta-
tions. In coastal areas, such as Rabat Sale, minimum temperatures
fell during January and February while other months saw increases.
Average minimum temperatures in Rabat Sale tend to fall by
0.5 °C. On the other hand, maximum temperatures in Rabat Sale
rose by 0.2 °C. A decrease of 0.4 °C for T ,;, and 1.6 °C for Ty«
were observed in higher continental regions, such as Meknes. Other
stations, such as Fez Sais (0.6 °C T, and 2.6 °C T,,.,) and Taza
(1.1 °C Tpin and 2.6 °C Tyax) showed an upward trend. Trends
also vary, with notable increases in minimum and maximum
temperatures, indicating different climatic dynamics according to
altitude and locality. In particular, the ITA highlights a significant
increase in annual maximum temperatures, with a P-value < 0.05
and trend slopes ranging from 0.0015 °C per year in Rabat Sale to
0.0076 °C per year in Taza. In addition, the IPTA results confirm
diversity of upward and downward trends on monthly and seasonal
scales, highlighting impact of geographical factors such as prox-
imity to sea, topography, and continentality that contribute to
formation of regional microclimates. The results highlight signifi-
cant impact of climate change in Morocco.

Keywords: Trend, Mann—Kendall, ITA, IPTA, Temperature,
Morocco.

1. Introduction

On a global scale, climate change represents one
of the major challenges of our time, exerting
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considerable impacts on the world’s ecosystems
(Giannakopoulos et al., 2009; Giorgi & Lionello,
2008; Ozturk et al., 2015). This climate change has a
strong influence on the variability of hydrometeoro-
logical factors such as temperature, precipitation, and
evaporation (Wang et al., 2020). According to the
Intergovernmental Panel on Climate Change (IPCC),
human activity has accelerated this process, leading
to an increase in the frequency and severity of risks
associated with extreme events over time (IPCC,
2014).

Today, there is an undeniable need to understand
the transformations impacting our ecosystems and
species, as well as the subtle but persistent reper-
cussions on our environment and vital resources such
as agriculture and water. Subtle but persistent chan-
ges in temperature patterns have important
implications for the natural environment, agriculture,
water resources, and human well-being. In the global
context of climate change, the Mediterranean region,
particularly the northern areas of Africa, is emerging
as a hotspot, experiencing significant increases in
temperature and changes in precipitation patterns
(Tuel et al., 2021). Manifestations of climate change
include notable variations in temperature and sea
level, greenhouse gas emissions, and increasingly
inconsistent, unpredictable, and unreliable seasons
and precipitation (Esit et al., 2023a, 2023b). These
observations are supported by specialist literature,
which focuses on aspects such as melting ice, floods,
droughts, and global warming (IPCC, 2018).

Within the Mediterranean region, studies focusing
on the impact of climate change and extreme events
have been numerous. Research has highlighted sig-
nificant changes in climate variability, with an
increase in extreme temperature events (Baldi et al.,
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2006; Deniz & Gonencgil, 2015; Efthymiadis et al.,
2011; Giorgi & Lionello, 2008; Kostopoulou &
Jones, 2005; Vargas—Yanez et al., 2010; Xoplaki
et al., 2003; Yacoub & Tayfur, 2017, 2020). Further
work in the Mediterranean Basin reports an increase
in warm extremes and a decrease in cold extremes
(Efthymiadis et al., 2011; Frich et al., 2002; Klein
et al., 2003). Recent studies have also attempted to
explain temperature anomalies and changes in
extreme temperature events in this region (Lopez—
Moreno et al., 2011; Unkasevic & Tosic, 2009). In
addition, the understanding of temperature fluctua-
tions and extreme temperature events in the
Mediterranean region has been extensively resear-
ched (Baldi et al., 2006; Deniz & Gonencgil, 2015).
Regarding North Africa, several studies have exam-
ined trends and aspects of climate change, focusing in
particular on rainfall and temperature. Statistical tests
have been used to detect climate trends in this region
(Belaassal, 1998; Mehdaoui et al., 2018; 2011). These
analyses have highlighted significant changes in the
region’s climate patterns, underlining the importance
of closely monitoring climate change in North Africa.

In the Moroccan context,
Mediterranean and Saharan climates meet, the
impacts of climate change are tangible. Recent
studies have revealed significant changes in temper-
ature indices, indicating an increasing frequency and
intensity of heat waves (Driouech et al.,, 202I;
Khomsi et al., 2015). Climate variability in Morocco
is manifested through an increase in maximum and
minimum temperatures, exposing the country to
hotter and drier conditions (Driouech et al., 2010;
Khomsi et al., 2015; Knippertz et al., 2003; Sebbar
et al., 2022; Tramblay et al., 2012; Tuel et al., 2021).
These worrying climate trends have a direct impact
on crucial sectors such as agriculture, water man-
agement, and biodiversity in Morocco. The
agricultural sector, in particular, is emerging as par-
ticularly vulnerable, requiring a detailed analysis of
climate impacts and adaptation options (Filahi et al.,
2016). In-depth studies have assessed the impact of
climate change on the Moroccan landscape, high-
lighting increased vulnerability and underlining the
need to develop specific mitigation and adaptation
strategies (Tramblay et al., 2012).

where oceanic
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To design effective climate change mitigation
strategies on a regional and global scale, it is crucial
to predict temperature trends (Yenice & Yaqub,
2022). An in-depth understanding of the impacts of
climate change requires the exploration of innovative
and robust analytical methods. Among these
approaches, the ITA (Sen, 2012) the IPTA (Sen et al.,
2019), and the Mann—Kendall (MK) (Kendall, 1975;
Mann, 1945) test stand out as essential tools in the
analysis of climate trends, offering a crucial fusion
between statistical rigor and innovation (Gian-
nakopoulos et al., 2009; Giorgi & Lionello, 2008).
These methodologies provide robust means of
detecting and analyzing trends within complex time
series associated with climate data, thereby enhanc-
ing our understanding of the climate system and
predicting future changes (Ozturk et al., 2015; Var-
gas-Yanez et al., 2010).

In this context, various research studies have
examined innovative trend analysis methods with
improved versions (ITA) that use percentage trend
change calculations to investigate trends in hydrom-
eteorological variables such as precipitation and
temperature (Alashan, 2020; Esit, 2023; Serencam,
2019), winds and waves (Akcay et al., 2022) and
groundwater resources (Mandal et al., 2023). Studies
have also shown that the ITA techniques, compared
with conventional trend analysis tests such as the
Mann—Kendall (MK), possess enhanced sensitivity
for detecting trends in precipitation, temperature and
relative humidity (Ahmed et al., 2023; Alifujiang
et al., 2023; Chowdari et al., 2023; Pastagia & Mehta,
2022). This has improved capacity challenges in
long-term climate change models and plays a crucial
role in water resource planning and management.

The objective of this study is to estimate long-
term temperature trends and variability of maximum
and minimum temperatures in Morocco by employ-
ing various statistical methods and indices (ITA,
IPTA, MK-test, Sen’s slope estimator) over the per-
iod from 1970 to 2019 by using the data from four
stations located in different areas having different
conditions of topographies and climates. This study
would make a unique contribution to the under-
standing of climate trends, enriching our
understanding of local climate dynamics, assessing
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impacts of climate change, and designing adaptation
strategies.

2. Study Area, Data Description, and Temperature
Variations at Various Time Scales

The analysis of maximum and minimum temper-
ature trends was carried out using four meteorological
stations located in different topographical units across
Morocco. These stations are distributed in different
coastal and continental geographical regions (Fig. 1)
and contain a 50-year data series from 1970 to 2019
(Table 1). The spatial distribution of these stations
varies according to altitude and specific climatic
regions, with a significant contrast at each location
depending on their proximity to the ocean and the
variations in elevation that characterize them. At
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Table 1

Data on the four stations and the statistics for monthly T,,,. and
Tonin from 1970 to 2019

Station Rabat-Sale Fez_Sais Meknes Taza
Longitude 365,809 538,106 484,457 626,784
Latitude 381,567 370,360 366,802 403,281
Elevation (m) 74 571 556 509
Mean_Tmin (°C) 12.58 10.21 11.32 12.57
Median_Tmin (°C)  12.20 9.46 10.73 11.61
SD_Tmin (°C) 3.92 5.08 4.78 5.49
Min_Tmin (°C) 2.74 0.01 1.94 2.29
Max_Tmin (°C) 19.61 20.95 21.22 23.72
Mean_Tmax (°C) 22.33 24.06 23.71 24.38
Median_Tmax (°C) 22.04 22.67 22.54 22.86
SD_Tmax (°C) 3.81 6.93 6.59 7.61
Min_Tmax (°C) 15.34 13.21 12.92 12.58
Max_Tmax (°C) 31.00 38.79 37.62 40.02

these stations, and because of their position in the
north of Morocco, climatic variability, and in

6°15'0"W
1

5°0'0"W
N

MAURITA

FRANCE Mivsr]

‘Barcelona

Madrid

PAIN
Lisbon

NIA

MAL

{ﬂ Weather stations

-~~~ River

% Dam

® City

&7 Moroccan borders
Elevation
(m)
s High : 3327

Low : -38

Km
50 100

Kenitra

ey °
/ Souk El Arba

Sidi Slimane

Sidi Kacem

Figure 1
Geographical location of weather stations

 FEZ SATS~

Al-Hoceima

38°45'0"N

37°30'0"N



2720 Z. Qadem and G. Tayfur

particular temperature, is particularly pronounced
(Fig. 1 and Table 1).

Table 1 presents a complete compilation of min-
imum and maximum temperature data for the period
from 1970 to 2019 for four stations: Rabat-Sale, Fes-
Sais, Meknes and Taza. Analysis of the T;, and Ty«
characteristics for the period in question reveals dis-
tinct variations at each station. At the topographical
level, significant disparities appear, with the Rabat-
Sale station located at an altitude of 74 m in a coastal
region, while the continental stations of Fez-Sais
occupy the highest position at 571 m and the Meknes
station at an altitude of 556 m and 509 m for the Taza
station (Table 1). These altitudinal differences play a
crucial role in modulating the recorded temperatures.

The medians for the period studied of T,,;, and
Tmax reveal subtle differences between stations. At
Rabat-Sale, the medians are 12.2 °C and 22.0 °C
respectively, indicating relative stability. Fez-Sais
and Meknes show slightly lower median tempera-
tures, while Taza displays slightly higher median
values.

For minimum temperatures, Rabat-Sale and Taza
stand out with respective averages of 12.58 °C and
12.57 °C, indicating relatively high values compared
with Fez_Sais (10.21 °C) and Meknes (11.32 °C)
(Table 1). For maximum temperatures, Fez_Sais had
the highest average at 24.06, suggesting warmer days
compared with the other stations. The standard
deviations (SD) of minimum and maximum temper-
atures show greater variability at Fez_Sais (5.08 °C
and 6.93 °C respectively) and Taza (5.49 °C and
7.61 °C respectively), highlighting potentially more
pronounced climatic fluctuations (Table 1).

Extreme values deserve particular attention, with
Fez_Sais standing out with a minimum temperature
of 0.01 °C and a maximum temperature of 38.79 °C
for the period 1970 to 2019 (Table 1 and Fig. 2).
These extremes testify to the diversity of climatic
conditions in this specific region. The statistical
characteristics of the data highlight substantial dif-
ferences among weather stations, both in terms of
location and meteorological parameters such as alti-
tude, and minimum and maximum temperatures.

The data analysis reveals distinct trends; and
temperature increases at different weather stations. In
particular, the coastal station of Rabat_Sale, located
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at an altitude of only 74 m above sea level, shows
relatively modest increases in average temperatures
over the entire period studied. Indeed, for Rabat_-
Sale, the average increase in minimum temperature is
around — 0.53 °C, while the average increase in
maximum temperature is around 0.21 °C. These fig-
ures indicate a slightly negative trend for the
minimum temperature and a moderate increase for
the maximum temperature over time (Fig.?2). In
contrast, the other weather stations, located in conti-
nental regions at altitudes of over 500 m, show more
significant temperature increases. For example, at
Fez_Sais, an average increase in minimum tempera-
ture of around 0.58 °C and in maximum temperature
of around 2.60 °C was observed. These results sug-
gest that climate change is more marked in
continental regions, where variations in altitude and
distance from the moderating influence of the ocean
can lead to more extreme climatic conditions.

Monthly data and seasonal variation in tempera-
tures reveal significant insights into regional climatic
changes among the four stations, highlighting the
distinct characteristics of each locality. In general,
monthly temperatures peak in July and August, with a
minimum recorded in December and January at all
the stations (Fig. 3).

Taza station stands out as having the highest
average maximum temperature, reaching 36 °C in
July, while the lowest temperature is recorded at
15.9 °C in December. The highest average maximum
temperatures in July were also recorded in Fez
(35.9 °C), Meknes (35.8 °C) and Rabat (31.7 °C)
(Fig. 3). On the other hand, the lowest average
maximum temperatures in December were recorded
in Taza (15.9 °C), Fes (16.3 °C), Meknes (16.5 °C)
and Rabat (17.2 °C in January) (Fig. 3). The warmest
months are July and August, with average minimum
temperatures over 20 °C. Conversely, the coldest
months are December and January, with average
minimum temperatures falling below 5 °C. Fez-Sais
stands out as the warmest city, with average mini-
mum temperatures above 10 °C throughout the year,
while Taza is identified as the coldest city, with
average temperatures below 10 °C
throughout the calendar (Fig. 3).

Analysis of the average seasonal maximum and
minimum temperatures over the period 1979-2019

minimum
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Figure 2

Variability of minimum and maximum temperatures based on monthly averages from 1970 to 2019

shows that all the stations have the same trend pat-
terns from one season to the next (Fig. 4). In spring,
the Fez Sais station recorded the highest average
seasonal maximum temperatures at 22.5 °C, followed
by Meknes (22 °C), Rabat (21.5 °C) and Taza
(21 °C) (Fig. 4).

The lowest seasonal minimum temperatures were
recorded in Taza (8 °C), followed by Meknes (9 °C),
Fez (10 °C) and Rabat (11 °C). During the summer,
Fez maintained its position with the highest maxi-
mum temperatures at 35 °C, followed by Meknes
(34.5 °C), Rabat (34 °C) and Taza (33.5 °C). The
lowest minimum temperatures were recorded in Taza
(18 °C), followed by Meknes (19 °C), Fez (20 °C)
and Rabat (21 °C) (Fig. 4). Data for autumn and
winter followed a similar pattern, with Fez showing
the highest temperatures and Taza the lowest. In
short, Fez recorded the highest temperatures, with an
average of 25 °C in summer and 7 °C in winter,
while Taza experienced the lowest temperatures, with
an average of 23.5 °C in summer and 5 °C in winter
(Fig. 4). Overall, average seasonal maximum and

minimum  temperatures  remained  relatively

stable over the period, with a slight upward trend.

3. Methodology Using Classic and Innovative Tests

This study examines the minimum and maximum
temperature trends using both classical and innova-
tive tests. To detect trends and significant variations
in climatological time series, there are two distinct
approaches: Parametric tests and non-parametric tests
(Gocic & Trajkovic, 2012). Parametric tests are more
powerful than non-parametric tests, but the data must
be independent and normally distributed (Touhedi
et al., 2023). Non-parametric tests only require
independent data and can tolerate outliers (Chen
et al., 2007). This methodological decision is relevant
in the context of the analysis of temperature trends,
where one seeks to understand changes in the tem-
perature of weather stations in topographic units at
various altitudes. The methodologies employed in
this paper include the classical MK tests and the
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Monthly temperature variability from 1970 to 2019

Sen’s slope estimator, and the ITA and the IPTA
methods.

3.1. Mann—Kendall Test (MK)

The MK trend analysis is a statistical technique
for examining upward and downward trends in a time
series (Alashan, 2018, 2023). It is introduced by
Mann in 1945 and developed by Kendall in 1975 to
identify changes in hydrometeorological time series,
particularly in the fields of climatology and hydrol-
ogy (Deniz & Gonencgil, 2015; Guclu, 2018;
Touhedi et al., 2023; Yacoub & Tayfur, 2020;
Zeybekoglu, 2023).

It is based on a rank correlation test for two sets of
observations (Hamed, 2008). The null hypothesis of

the MK test rules out the existence of trends or serial
correlation structures among the observations
because the data are independent and randomly
ordered (Hamed, 2008). The MK test is calculated
as follows (Kendall, 1975; Mann, 1945):

1 if Xj > X
sgn(x;—x)=¢ 0 ifx=uxi
=1 if xj<xi (1)
n—1 n
S =300 i sen(xi — )

where the data values x; and x; are indicated at times i
and j, and n is the number of the data. A positive
value of S indicates a rising trend, while a negative
value of S indicates a falling trend.
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Seasonal temperature variation

3.2. Sen’s Slope Estimator

This statistical non-parametric method computes
the magnitude of slope in a time series data devel-
oped by Sen (1968). The Sen’s slope estimator
computes the slope (S) of a data x as follows:

Ti= (5 —x)/(j—k)

where,x; is the data value at time j and xisthe data
value at time k and j = 2,...,N and k = 1,...,N-1.

B T(N+1)/2 N is odd
T 1/2(Ty+ Ty Niseven

—~
V)
~—

(.}
—~

w
~—

where, Q; > 0, positive values show increasing trend
and Q; <0, negative values show decreasing trend,
and Q; = 0 suggests the absence of any discernible
trend (Rahman & Dawood, 2017; Salmi et al., 2002).

3.3. Innovative Trends Analysis (ITA)

Sen (2012) developed a graphical method, called
Innovative Trend Analysis (ITA), which offers an
innovative approach to studying variations within
successive time series (Fig. 5). None assumption in
this model makes it adaptable to the interpretation of
trends in data series of various sizes. The ITA
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Figure 5
Example of description of the ITA Method with an Application
Span from 1970 to 2019 for T, Station in Rabat-Sale

methods involves two steps: 1. The annual time series
data is first divided into two equal halves, and then
the data in each sub-series is ranked from the highest
to the lowest. 2. The resulting each sub-series is then
plotted against each-other (Sen, 2012). If all data fall
on the 45° line, then there is no trend. If points fall
above the 45° line, then there is an increasing trend,
otherwise, there is decreasing trend (Sen, 2012).
Figure 5 presents an example of the ITA approach for
the Rabat-Sale station.

It should be noted that the ITA method does not
involve percent change calculations (Guclu, 2018;
Oztopal & Sen, 2017; Sen, 2012). The slope of the
linear model, together with the associated #-test, is
used to determine the existence and significance of
the trend, as follows:

§ = Q2] = x[il))/n (4)

where S is the slope of the trend line, n is the total
number of data series used, and xi and xj are the
average of the first and second subseries of the
dependent variable.
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3.4. Innovative Polygon Trend Analysis (IPTA)

The IPTA method, developed by Sen et al. (2019),
can be applied to time series at different time scales,
such as monthly and seasonal (Achite et al., 2021;
Ceribasi et al., 2021; Karacosta et al., 2023; Koycegiz
& Buyukyildiz, 2023; Yenice & Yaqub, 2022). The
monthly time series X;, X, ...... Xy, Where n is the
number of years, should be organized in a matrix
form, as follows (Sen et al., 2019).

(X110 Xon ..o X1 ... X2
X2 Xop ... Xi2 ... X2
X135 X3 ... Xiz ... Xps

: N : (5)
| X1n Xow oo Xin ... Xiga

Upper Series (First Half)

n=12,3,...... ,n/2

Lower Series (Second Half)
n=n/2+1,n/242,...,n,

where, the first half, referred to as the upper
series, encompasses the yearsn = 1,2,3, ..., 5 and the
second half, known as the lower series, includes the
yearsn =3+ 1,5+2,....n.

To carry out the IPTA, on a monthly and seasonal
scale, a multi-stage process is followed by which the
model uses a pre-established format with 12 points of
dispersion to represent each month of the year. It also
includes arithmetic mean and standard deviation
values. Trends between two successive months are
identified by using the IPT A model, which enables one
to calculate the slopes, lengths, and values associated
with these monthly trends. Then, the trend polylines
were constructed by using the successive segments of
Thin and T« time series. Finally, to interpret the
results, the trend polylines obtained as a basis for
further analysis were used. This allowed us to obtain
both numerical and linguistic interpretations of the
time series examined, which in turn gave us a better
understanding of the climatic variations observed.
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4. Results and Discussion

4.1. Mann—Kendall (MK) Test, Sen’s Slope, and P-
value

Results of the MK test, the Sen’s slope, and the
P-values are presented in Table 3 and Figs. 6, 7, 8.
These results demonstrate the effectiveness of the
MK rates and the significance of the trends between
the four stations over the period 1970-2019. The
conclusions drawn from these tests highlight the
significant variations and the direction of the trends.

4.1.1 Station-wise Analysis

The results of the conventional tests carried out on
minimum and maximum temperatures over the
period are presented in Table 3. The values of
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MK_ T, Sen’s_Tin, and P-value_Tmin, by the
interpretation criteria in Table 2, indicate the trends,
Sen’s slopes, and P-values, respectively, associated
with the minimum temperatures. Similarly,
MK _Tax, Sen’s_Ti.x, and P-value_T,,.x provide
the same data for maximum temperatures. The results
show that minimum temperatures are trending
upwards, which is confirmed by the positive values
of MK_T,;, and Sen’s_T,;,.

The statistically significant nature of these posi-
tive trends was confirmed by P-values for Rabat-Sale,
Fez_Sais, and Taza (Table 3), with a P-value_T,;, of
0.05. Similarly, the analyses show significant upward
trends in maximum temperatures, with P-values all
below 0.05, suggesting significant climatic changes
over the decades in all the regions studied.
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Figure 6
Types of trends through Mann—Kendall, Sen’s Slope, and P-value on a monthly scale over the period from 1970 to 2019
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Figure 7
Heat maps of trend result through Mann—Kendall, Sen’s Slope, and P-value on a seasonal scale for four stations over the period from 1970 to
2019

The results show significant increasing trends for
Tmin and T,.x, indicating that minimum and maxi-
mum temperatures are increasing in all regions of
each station. T,,, at Taza was observed with
Kendall’s tau value of 0.1035 and a P-value of
0.0002. This suggests that the Taza region is partic-
ularly likely to be affected by the effects of climate
change. In Rabat-Sale, Tmin shows the lowest
increasing trends, with Kendall’s tau value of
0.0221 and a p-value of 0.4222.

4.1.2 Monthly Analysis

The trend in monthly mean minimum and maximum
temperatures using conventional tests is shown in
Fig. 6. Kendall diagrams represent the data and show
the slope of the trend (positive or negative), as well as

its statistical significance (P-value). The results of the
analysis show significant variations in various
regions. There are months with a downward trend
at the Rabat-Sale station, such as January and
February, with Kendall’s tau values of — 0.1020
and — 0.1037, respectively. However, the months of
March, June, July, September, November and
December showed a strong upward trend, with
Kendall’s tau values ranging from 0.1470 to 0.2180
(Fig. 6).

Meknes station, located to the east of Rabat-Sale
station, shows a general upward trend, particularly in
January (with a Kendall rate of 0.0024) and July
(with a Kendall rate of 0.1053). For Fez-Sais,
temperatures are falling in February with a Kendall’s
ratio of — 0.0710, while temperatures in December
are rising with a Kendall’s ratio of 0.1339. Finally,



Vol. 181, (2024)

In-depth Exploration of Temperature Trends in Morocco 2727

Tmin

Winter 4

Summer A

Spring 1

Autumn -

Tmax

Winter 4

Summer A

Spring 1

Autumn A

Fez_Sais' Meknes

. 1 Significant Increasing . 11 Very Significant Increasing

Rabat_SaIe' Taza

Not Significant Increasing Not Significant Decreasing

Figure 8
Seasonal Trend Analysis (1970-2019): Mann—Kendall and Sen’s Slope Tests with P-value Significance Interpretation

Table 2

Interpretation Criteria for MK, Sen’s Slope, and P-value

MK Sen’s P-value
> 0 Increasing > 0 Increasing < =0.05 Significant
trend trend trend
=0 No trend =0 No trend > 0.05 Not
< 0 Decreasing <0 Decreasing Significant
trend trend trend

Table 3

Statistical trends in Tmin and Tmax temperatures at four stations
over the period (1970-2019)

Station Rabat-sale Meknes Fez_Sais Taza

MkTmin 0.0221 0.0437 0.0624 0.083

Mk_Tmax 0.0789 0.0778 0.0881 0.1035
Sen’s_Tmin 0.0078 0.022 0.034 0.0468
Sen’s_Tmax 0.0302 0.0543 0.0612 0.0776
P_value_Tmin 0.4222 0.1129 0.0235 0.0026
P_value_Tmax 0.0042 0.0047 0.0014 0.0002

temperatures at the Taza station increased in January,
with Kendall’s ratio of 0.1331 (Fig. 6). These
monthly variations highlight the complexity of
regional climate change.

Monthly trends in maximum temperatures in the
different regions of Morocco have been analyzed in-
depth, revealing important climate patterns. For six
months of the year, there is a notable upward trend in
Rabat-Sale, with significant figures such as a Sen
slope of 0.0146 in June, indicating a statistically
significant increase in maximum temperatures.

Meknes shows more marked trends, especially in
January, February, September, November, and
December, with significant values for the Sen slope
and P values. Maximum temperatures increase in
certain months, such as February, September, and
November, according to the Fez-Sais station. Finally,
the Taza station shows a clear and statistically
significant trend with a Sen slope of 0.0504,
confirming a notable increase in November.
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<«Figure 9
Annual ITA results based on means for the period 1970 to 2019

4.1.3 Seasonal Analysis

Figures 7 and 8 present the seasonal trend results that
show a wide variety of microclimates in the regions,
highlighting significant variations between stations.
Seasonal trends in lowest temperatures show signif-
icant patterns. In spring and summer, there was a
significant increase in Rabat-Sale (Kendall’s tau =
0.110, P-value = 0.046) and a significant increase in
summer (Kendall’s tau = 0.116, P-value = 0.036).
However, these trends decrease in intensity in autumn
(Kendall’s tau = 0.034, P-value = 0.534) and become
insignificant in winter (Kendall’s tau = — 0.056,
P-value = 0.305) (Figs. 7 and 8). Minimum temper-
atures in Meknes show significant positive trends in
spring (Kendall’s tau = 0.151, P-value = 0.006) and
summer (Kendall’s tau = 0.161, P-value = 0.003),
while in autumn and winter the trends are persistent
but insignificant (Figs. 7 and 8). The trends at Fez
Sais and Taza are similar, with significant increases
in Tmin in spring and summer, although the signif-
icance varies between autumn and winter stations.
This analysis shows a regional upward trend in
minimum temperatures in spring and summer, with
stationary nuances, and a relative decrease in trends
in autumn and winter. These results highlight the
importance of understanding seasonal changes in
minimum temperatures to assess the impact on
ecosystems and human activities.

Seasonal trends in maximum temperatures at all
the stations show significant upward variations. In
spring and autumn, increases were observed in Rabat-
Sale (Kendall’s tau = 0.051, P-value < 0.001), while
in autumn the trends are weaker (Kendall’s tau =
0.085). In addition, there is a significant upward
trend in winter (Kendall’s tau = 0.097, P-value =
0.081) (Figs. 7 and 8). Similar patterns are observed
at the Meknes station, with increases in Tmax in
spring and summer, but no significant variations in
autumn and winter. In addition, Fez and Taza confirm
increasing trends for Tmax in spring and summer,
while the results vary in autumn and winter. These

In-depth Exploration of Temperature Trends in Morocco 2729

results suggest a significant increase in maximum
temperatures at all stations in spring and summer,
with seasonal and regional variations.

All stations show significant upward trends in
spring. Kendall’s tau values vary from 0.100 to 0.211
depending on the station. Temperatures always rise
during the summer, but the variations between
stations are more obvious. Taza has the highest
results, with a Kendall tau of 0.318, highlighting a
significant increase in summer, compared to the other
stations (Figs. 7 and 8). Positive trends persist in
autumn but differ from station to station. Meknes and
Fez-Sais show greater autumn increases than Rabat-
Sale. This diversity highlights the impact of local
factors on seasonal changes. During the winter, there
are variations in trends between stations. Taza and
Fez-Sais show significant increases in minimum and
maximum temperatures, with Kendall’s tau values as
high as 0.320, highlighting the contrasting impact of
climate change in winter and the need for adaptation
strategies that take account of specific features.

The integration of simple tests such as Mann—
Kendall and the Sen-slope estimator confirms and
reinforces the trends observed in the previous anal-
ysis, underlining the robustness of the results in
assessing climate change at various scales. The
significant variations in temperatures underline the
importance of taking adaptation measures to cope
with the potential impacts of climate change in the
region.

4.2. Innovative Trend Analysis (ITA)

Innovative Trend Analysis results for minimum
and maximum temperature trends for the stations are
shown in Fig. 9. In order to interpret these graphs, it
is worth noting that the blue line shows no trend; 1.1
(45°). In order to compare Tp,.x and Ty, series, the
first half period (from 1970 to 1994) was plotted
against the second part (1995 to 2019).

There is a rising trend in maximum temperatures
in the region, characterized by positive trend indices
and significant correlations, which is revealed by a
meticulous analysis of the ITA results in Fig. 9 for
the first half from 1970 to 1994. There appears to be a
consistent pattern over this period in the upward
trend. However, in the second half from 1995 to
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2019, the dynamics changed (Fig. 9). Some locations,
such as Rabat-Sale, show a slight decrease in
maximum temperature, while others, such as Meknes,
Fes-Sais, and Taza, show a significant increase,
supported by positive trend indicators and significant
links. In general, maximum temperature trends have
evolved, with a general increase from the first half of
1970 to 1994, followed by a more complex second
half from 1995 to 2019 (Fig. 9).

A trend analysis carried out between 1970 and
2019 revealed a significant increase in annual max-
imum temperature at all weather stations, with a
P-value < 0.05 and varying trend slopes ranging
from 0.0015 °C per year in Rabat-Sale to 0.0076 °C
per year in Taza (Fig. 9). Notably, the increase is
greater in the second half of the period compared
with the first half. This is underlined by strong
correlations with time and values greater than 0.99,
suggesting a close correlation with climate change. A
significant increase in annual maximum temperature,
with estimates of 0.0003 to 0.0004 °C per year for the
90 and 95% confidence intervals, and 0.0005 to
0.0006 °C per year for the 99% confidence interval,
over the coming decades (Fig.9) underlines the
importance climate change in the region.

Analysis of the results for the first half of the
1970-1994 period reveals positive interstation corre-
lations for increases in minimum temperatures at all
stations. However, between 1995 and 2019, the trends
are more varied, with some stations experiencing
slight reductions and others increasing (Fig. 9). All
stations show a general upward trend in annual
minimum temperatures over the whole period, con-
firmed by positive trend indicators and high
correlations, despite seasonal variations. For exam-
ple, there is a positive trend throughout the year in
Meknes. These results indicate that, despite seasonal
variations, annual minimum temperatures would
increase in the long term.

4.3. Innovative Polygon Trend Analysis (IPTA)

The IPTA was applied at monthly and seasonal
scales and the results were presented in Figs. 10 and
11 and Tables 4, 5, and 6.

Pure Appl. Geophys.

4.3.1 IPTA Monthly Analysis

Results of the IPTA for minimum temperatures show
an upward trend for most months of the year at all
stations, except Rabat_Sale and Meknes, where a
downward trend is observed for January and Febru-
ary. Meknes also shows a downward trend in
February (Fig. 10 and Table 5). On the other hand,
the months that showed no trend were February for
the Fez station, September and July for the Meknes
station, and September and July for the Rabat-Sale
station (Fig. 10 and Table 5). Concerning maximum
temperatures, the IPTA results show that all the
stations for the year have an upward trend, except
September for Meknes and Fez-Sais, which showed
no trend, and July for Rabat-Sale (Fig. 10 and
Table 5).

Table 4 shows the results of IPTA T,,;, and Tmax
for the first half of 1970-1994 and the second half of
1995-2019. The first half of the period shows that
standard deviations for maximum temperatures at
Taza increase progressively from January to March,
with an average of 1.4 °C in January, rising to 3.0 °C
in March (Table 4). On the other hand, at the Fez-
Sais station, the standard deviations for Tmax are
relatively stable, with an average of 1.8 °C in March.
At Meknes, the standard deviations for Tmax
increase from 1.4 °C in January to 2.5 °C in March,
then decrease slightly. In Rabat-Sale, the standard
deviations for Tmax vary from 0.8 °C to 1.7 °C from
January to March (Table 4).

As regards to the minimum temperatures for the
first half of the year, the standard deviations at Taza
increase slightly from January to March, with an
average of 1.7 °C in January, falling to 1.3 °C in
March. At Fez-Sais, standard deviations for Tmin
remain relatively stable, with an average of 1.1 °C in
January. Meknes showed a slight increase in standard
deviations for T, rising from 1.9 °C in January to
2.1 °C in March. For Rabat-Sale, the standard
deviations for T,,;, vary from 0.8 °C to 1.8 °C from
January to March (Table 4). For the second half, the
standard deviations for T, at Taza increase signif-
icantly from July to September, with an average of
2.1 °C in July, decreasing to 1.1 °C in December. In
Fez-Sais, the standard deviations for T, increase
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Figure 10
IPTA graph for Mean T, and Tp,ax (1970-2019)

from 1.7 °C in July to 2.7 °C in August, then
gradually decrease.

In Meknes, standard deviations for Tmax vary
from 0.8 °C to 3.3 °C from July to September, then
decrease towards the end of the year. Rabat-Sale
shows standard deviations for Tmax that vary from
0.9 °C to 1.8 °C from July to September (Table 4).

As regards minimum temperatures for the second
half of the period, the standard deviations at Taza
increase gradually from July to November, with an
average of 1.0 °C in July, reaching 1.7 °C in
November. At Fez-Sais, the standard deviations for
Thin vary from 1.0 °C to 1.5 °C from July to
November. The Meknes station shows a slight
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Figure 11
IPTA graph of mean T,;, and T,,., per season (1970-2019)

increase in standard deviations for T,;,, rising from
0.4 °C in September to 1.4 °C in December. Rabat-
Sale shows standard deviations for T,,, that vary
from 0.7 °C to 1.6 °C from July to November
(Table 4).

Table 5 shows significant variations between
stations in terms of mean trend length and mean
trend slope. At Taza, the September—October pair of

months have an average trend length of 2.10 and the
May-Jun pair of months have maximum slopes of
3.83, indicating pronounced seasonal variations and
rapid increases in minimum temperatures. However,
Rabat-Sale has lower trend length values, with a
maximum of 1.66 for the May-Jun and September—
October pair of months, and smaller variations in
mean trend slopes, which could indicate a downward
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Table 4
IPTA monthly statistical values
Station Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov Dec
Taza Tmax  MIH (°C) 14.4 16 182 20 24 294 35 35 30.7 239 18.8 15.2
M2H (°C) 15.9 17.3 203 226 272 33 369 368 313 26.8 19.8 16.5
SDIH (°C) 09 1.2 3 24 2 2.5 2.1 1.4 1.8 2 1.4 1.3
SD2H (°C) 1.1 2.1 1.8 2.1 2.8 2.1 1.5 1.2 1.6 2.3 1.4 1.1
Tmin MIH (°C) 5 6.5 7.9 9.6 12.3 16.1 19.8 20.3 17.7 133 9.1 6.2
M2H (°C) 6 6.9 8.9 10.9 14.2 18.1 212 216 18.5 149 99 7
SD1H (°C) 1.7 1 1.3 0.9 14 1.3 1.2 1.1 L5 1.4 1.3 2.1
SD2H (°C) 1.3 1.7 0.6 1 1.5 1.2 1 0.6 0.8 0.9 0.9 1
Fez-Sais Tmax  MIH (°C) 15.1 16.4 18.2 198 234 284 34 33.7 304 243 19.6 16.1
M2H (°C) 16.1 172 20.1 222 265 315 349 351 303 267 20.2 17.2
SD1H (°C) 1.2 1.3 2.5 24 2.4 2.4 1.8 1.7 22 2.6 1.1 1.5
SD2H (°C) 1 2.7 1.8 1.8 33 22 1.7 2 1.9 1.7 1.5 1.1
Tmin MIH (°C) 32 4.6 5.7 74 9.9 13.2 17.1 17.1 15.1 11.1 7.5 4.5
M2H (°C) 4 45 6.6 8.5 11.7 15.1 17.7 18.3 15.7 12.8 8.2 53
SDIH (°C) 2 1.1 1.1 0.7 1.3 0.9 1.1 1.4 1.6 1.2 1.4 14
SD2H (°C) 1.5 L5 1.7 1.3 1.2 1.1 1 1 1 0.9 1.5 1.6
Meknes Tmax  MIH (°C) 153 16.6 184  20.1 233 277 329 325 29.7 242 19.7 16.3
M2H (°C) 15.8 16.9 19.8  21.8 262 308 34 34.3 29.8 262 19.9 16.9
SDIH (°C) 1.4 1.4 2.5 24 1.9 2.4 1.5 1.9 2.1 2.3 1.4 1.8
SD2H (°C) 0.8 2.8 1.7 1.9 33 2 2.3 1.7 1.9 22 1.3 1.3
Tmin MIH (°C) 4.8 6.1 72 8.7 11.3 14.5 18 18 16.2 126 9.1 6.1
M2H (°C) 5.4 5.7 7.8 9.5 12.4 15.6 18 18.7 16.4 13.8 93 6.5
SD1H (°C) 1.9 0.5 0.8 0.9 1.2 0.8 1.4 1 1.5 1.7 1.5 1.7
SD2H (°C) 1.4 1.6 1.3 0.7 1.8 1.7 1.1 1.1 0.4 1 0.8 14
Rabat-Sale  Tmax  MIH (°C) 17 17.7 19.1 20.1 21.8 239 269 27 264 237 20.8 18
M2H (°C) 17.5 18.1 203 213 23.7 258 271 279 268 252 211 18.6
SDIH (°C) 0.8 1.1 1.7 1.7 1.6 1 1.2 1.6 1.6 1.7 0.9 1.4
SD2H (°C) 0.9 1.8 1.2 1 1.7 1.3 0.9 1.1 0.8 12 1.1 12
Tmin MIH (°C) 7.5 8.4 9.2 10.4 12.8 15.5 17.8 17.9 16.8 14.1 11 8.8
M2H (°C) 74 7.8 9.4 10.9 132 16 17.8 18.2 16.9 145 10.9 8.8
SD1H (°C) 1.8 1.2 0.8 1 1 0.7 1.2 0.7 1 1.1 1.7 1.8
SD2H (°C) 1.6 1.3 1.4 1 0.9 1.2 1.2 0.7 0.9 12 1.2 1.5

MIH (°C) = Mean Ist half(°C)/M2H (°C) = Mean 2nd half(°C)/SD1H (°C) = Standard deviation 1Ist half(°C)/SD2H (°C) = Standard

deviation 2nd half(°C)

trend in minimum temperatures during some months
(Table 5).

The differences between stations are also notice-
able for maximum temperatures. With a maximum
trend length of 2.61 for the September—October pair
and a maximum slope of 5.59 for the June-July pair
(Table 5). Taza shows relatively high values of trend
length and mean slope, indicating pronounced sea-
sonal variations and a tendency for maximum
temperatures to increase during the summer months.
However, Rabat-Sale shows lower values of trend
length, with a maximum of 1.74 for the Jun-July pair
of months (Table 5). There is also less variation in

the mean trend slopes, suggesting a smaller increase
in maximum temperatures in some months.
Comparisons between stations show similar
trends in seasonal variations in minimum and max-
imum temperatures, but differences in the amplitude
of the trend. Climate trends at continental stations
such as Taza and Meknes are more variable than
those at coastal stations such as Rabat-Sale. These
differences highlight the importance of local and
regional conditions in the interpretation of climate
trends and in studies of spatiotemporal temperature
variation. IPTA monthly results show that local
geographical and climatic conditions are essential in

determining climate trends. Due to its unique
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Table 5
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Result of IPTA monthly statistical values of arithmetic mean and standard deviation

Month_Pair Jan—-  Feb—  Mar-  Apr- May-  Jun— Jul- Aug-  Sep— Oct—  Nov—  Dec-
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
Taza Tmin MTL 1.22 1.18 1.28 1.65 1.96 1.93  0.67 1.61 2.10 2.05 1.70 1.08
MTS 1.48 1.40 1.64 2.71 3.83 371 046 — 258 —440 —421 —288 148
Tmax MTL 1.26 1.47 1.36 1.99 2.34 236 0.14 2.07 2.61 2.26 1.89 0.92
MTS 1.59 217 1.84 3.97 5.47 559 —-002 —429 —-6.79 —513 —3.56 1.59
Fez-Sais Tmin MTL 1.20 1.04 1.28 1.60 1.82 195 0.26 1.44 1.98 1.91 1.74 1.14
MTS 1.44 1.09 1.64 2.56 3.30 381  0.07 —206 —391 —363 —3.02 144
Tmax MTL 1.14 1.33 1.28 1.90 2.23 237 0.58 1.80 2.47 2.17 1.86 1.01
MTS 1.30 1.77 1.64 3.59 4.98 563 —034 —324 —6.12 —473 —347 130
Meknes Tmin MTL 1.16 1.05 1.22 1.61 1.79 1.86  0.21 1.33 1.92 1.87 1.72 1.15
MTS 1.35 1.10 1.50 2.58 3.21 345  0.04 — 177 —367 —350 —297 135
Tmax MTL 1.12 1.36 1.27 1.80 2.10 229 0.63 1.67 2.36 2.11 1.84 0.98
MTS 1.26 1.85 1.61 3.23 441 523 —040 —2.79 —558 —445 —340 1.26
Rabat-  Tmin MTL 095 0.88 1.10 1.53 1.66 1.50  0.40 1.05 1.66 1.75 1.50 1.12
Sale MTS 0.91 0.78 1.21 2.35 2.75 225 0.16 — 110 —275 —305 —226 091
Tmax MTL 0.84 1.18 0.98 1.32 1.45 1.74 027  0.79 1.62 1.71 1.67 1.02
MTS 0.71 1.39 0.97 1.75 2.10 3.03 0.07 - 062 —264 —293 —279 0.71
MTL mean trend length, MTS mean trend slope
Table 6
Seasonal IPTA results for the period 1970 to 2019
Station Season Tomin Tmax SD Tmin _Mean Tmin _Mean Tmax _Mean Tmax_Mean
SD 1st_half 2nd_half 1st_half 2nd_half
Fez_Sais Autumn 34 4.8 11.2 12.2 24.8 25.7
Spring 2.3 35 7.7 8.9 20.5 23.0
Summer 22 3.1 15.8 17.1 32.0 33.8
Winter 1.7 1.7 4.1 4.6 159 16.8
Meknes Autumn 32 4.6 12.6 13.2 24.5 25.3
Spring 2.1 34 9.1 9.9 20.6 22.6
Summer 2.0 3.0 16.8 17.4 31.0 33.0
Winter 1.6 1.7 5.7 59 16.1 16.5
Rabat-Sale Autumn 2.7 2.7 14.0 14.1 23.7 243
Spring 1.9 2.1 10.8 11.2 20.3 21.8
Summer 1.4 1.8 17.1 17.3 26.0 27.0
Winter 1.7 1.3 8.2 8.0 17.6 18.1
Taza Autumn 3.8 5.2 13.3 14.4 24.5 26.0
Spring 24 3.6 9.9 11.3 20.7 234
Summer 22 32 18.7 20.3 332 35.6
Winter 1.5 1.8 59 6.6 15.2 16.6

geographical location, Taza appears to be more
exposed to extreme temperature variations than any
of the other stations examined.

4.3.2 IPTA Seasonal Analysis

Seasonal analysis of IPTA results for minimum and
maximum temperatures reveals significant trends at

most of the stations. In general, the trend observed is
upwards throughout the year, as shown in Fig. 11 and
Table 6. Stations located in continental regions show
marked upward trends throughout the year for both
half’s, according to IPTA results on seasonal mini-
mum temperature scales. The stations at Taza, Fez-
Sais and Meknes stand out in particular for these
upward trends throughout the year. However, the
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Rabat-Sale coastal station shows different trends
depending on the season, due to its geographical
location. During the winter season, there is a
downward trend, while during the other seasons,
there is an upward trend (Fig. 11).

The results of IPTA on a seasonal scale for the
period from 1970 to 2019 are shown in Table 6,
which highlights significant trends in variations in
minimum and maximum temperatures for different
seasons (Fig. 11 and Table 6). Analysis of these data
reveals consistent seasonal trends in minimum and
maximum temperatures. For example, standard devi-
ations of temperatures are generally higher in
summer than in winter at all stations, with values as
high as 5.2 °C for Taza in autumn (Table 6). In
addition, mean temperatures for the first and second
halves of the seasons show significant variations,
reflecting seasonal changes in weather conditions.
For example, in Fez-Sais, minimum and maximum
temperatures increase steadily from autumn to sum-
mer, with maximum values reaching up to 35.6 °C
during the summer in Taza (Table 6).

Variations between stations also provide valuable
information about regional differences in climate
trends. Taza, for example, generally has higher
standard deviations and higher mean temperatures
than the other stations for all seasons, with standard
deviations of up to 5.2 °C for minimum temperatures
in autumn (Table 6). Rabat-Sale, on the other hand,
has lower standard deviations and mean tempera-
tures, probably due to its coastal location.

Finally, the IPTA results on a seasonal scale
confirm a general upward trend in temperatures at
most of the stations, with seasonal variations that may
be influenced by the specific geographical character-
istics of each station (Figs. 4 and 11, and Table 6). A
comparison of the results between the different
stations shows that the seasonal variations in tem-
peratures are generally consistent, but with nuances
depending on the geographical characteristics of each
station. For example, stations located in continental
regions, such as Taza and Meknes, generally have
higher temperatures than coastal stations such as
Rabat-Sale, particularly during the summer seasons.
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5. Discussion

This study investigated maximum and minimum
temperature trends between 1970 and 2019 recorded
at several climate stations located in different regions
of Morocco. The stations included Rabat-Sale,
Meknes, Fez-Sais, and Taza, representing different
geographical regions and geographical units of the
country. Trend analysis used both the classical tests
of the Mann—Kendall and Sen’s slope estimator, as
well as the innovative approaches of the ITA and the
IPTA, at different time scales.

The results of the Mann—Kendall tests and the
Sen’s slope estimator at the periodic, monthly and
seasonal scales revealed a significant diversity of
microclimates between regions. Seasonal trends
revealed the consistent patterns of temperature
increases in spring and summer, with inter-station
and seasonal variations.

The ITA results confirmed the increase or
decrease in maximum and minimum temperatures
obtained by the classic tests. The ITA showed a
significant increase in annual maximum temperatures
at all stations. This trend was more pronounced in the
second half period (1995-2019) in the coastal region.
The IPTA at different time scales confirmed the
results obtained by the MK and the ITA tests. The
IPTA showed varied trends in most months of the
year with an upward trend, with the exception of
January and February for Rabat_Sale. According to
the IPTA seasonal analysis, most stations have sig-
nificant minimum and maximum temperatures that
increase throughout the year.

On a monthly scale, the Mann—Kendall revealed
significant variations between regions. For example,
at Rabat_Sale as a coastal station, the months of
January and February showed a downward trend in
minimum temperatures, while other months such as
March, June, July, September, November, and
December showed a significant upward trend. Over-
all, the results mainly showed positive upward trends
of Tmin and Tmax on an annual, seasonal and
monthly scale, highlighting a significant change in
temperatures in these different regions.

The ITA annual results, based on averages for the
period from 1970 to 2019, showed a significant
increase in annual maximum temperature, with
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estimates ranging from 0.0003 to 0.0006 °C/year. In
particular, this increase was more marked in the
second half of the period. From 1995 to 2019, trends
became more disparate, with a slight decrease in
minimum temperature observed in Rabat-Sale and
Fez-Sais, but a marked increase in Meknes and Taza.
These results suggested a change in minimum tem-
perature trends over time, with a general upward
trend from 1970 to 1994 and more pronounced
variability from 1995 to 2019.

These results have been overall confirmed by other
studies on global temperature trends. Several studies
have pointed to an upward trend on annual, seasonal
and monthly scales, highlighting significant tempera-
ture change in different regions around the world
(Amell etal.,2019; Gagnon, 2022; IPCC, 2018; Jones,
1995; Tabari & Hosseinzadeh Talaee, 2011).

Regarding the Mediterranean region, several
studies have shown a persistent warming trend in
extreme temperatures since the mid-twentieth century
(Donat et al.,, 2014). On the other hand, positive
trends have been observed in sea level rise and sea
surface temperature (Knobler et al., 2023). Overall,
the impact of accelerating climate change effects has
become a reality in the Mediterranean region,
including increased frequency of extreme weather
events, sea level rise and their effects on ecosystems,
economic activities and human health (Pardo et al.,
2023). This region could experience drought episodes
as a result of rising temperatures, which would con-
siderably reduce the amount of water available due to
increased evapotranspiration (Stathi et al., 2023).

Regarding the Morocco, significant temperature
increases have been observed from the mountains to
the plains (Hadri et al., 2021). On the other hand, one
study has predicted an increase in mean annual
temperature towards the 2050s, with simulations
indicating a rise under RCP scenarios 2.6, 4.5, and
8.5 (Ouhamdouch & Babhir, 2017).

6. Conclusions

Following conclusions are drawn from this study.

1. The upward temperature trends support the hypoth-
esis of significant climate change in Morocco.

Pure Appl. Geophys.

2. The results reveal significant variations between
regions, highlighting the complexity of climate
variability from one region to another and under-
line the role of analysis of trends at different
scales.

3. The results reveal a significant diversity of
microclimates between regions.

4. Overall, the results of the tests revealed mainly
positive upward trends on an annual, seasonal and
monthly scale, highlighting a significant change in
temperatures in these different regions.

5. At the scale of Morocco, this study could make a
significant contribution to understanding temper-
ature variations and trends in North Africa.

6. The results of the MK, ITA and IPTA tests at
minimum and maximum temperatures underline
their usefulness.

7. Future studies should aim to identify the causes of
the observed changes, whether global climate
change or local factors such as urbanization or
degradation of vegetation cover. An in-depth
study of these trends would provide a better
understanding of the underlying mechanisms,
which in turn would help to better apprehend
climate impacts in the region.

8. Deeper understanding of the data would lay the
foundations for a more accurate interpretation of
the climatic conditions specific to each location in
Morocco. Further exploration, by comparing these
data with other meteorological variables over a
longer period, would be recommended for an in-
depth analysis of climate trends.

Acknowledgements

Special thanks to the Meteorological Services in
Morocco for providing the database used in this
study.

Author Contributions Conceptualization, Investigation,
Methodology, and Visualization are carried out by Z.Qadem,
G.Tayfur. Data analysis, and validation are performed by Z.
Qadem. Supervision and Reviewing are done by G Tayfur.



Vol. 181, (2024)
Funding

Open access funding provided by the Scientific and
Technological Research Council of Tiirkiye
(TUBITAK).

Data Availability

The datasets used and/or analyzed during the current
study are available from the first author (Z. Qadem)
on reasonable request.

Declarations

Conflicts of interest The authors declare no conficts of
interest.

Ethical approval Not applicable.
Consent to participate Not applicable.
Consent for publication All authors agree to publish.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note Springer Nature remains neutral
with regard to jurisdictional claims in published maps
and institutional affiliations.

REFERENCES

Achite, M., Ceribasi, G., Ceyhunlu, A. 1., Walega, A., & Caloiero,
T. (2021). The innovative polygon trend analysis (IPTA) as a
simple qualitative method to detect changes in environment—
example detecting trends of the total monthly precipitation in
semiarid area. Sustainability (switzerland). https://doi.org/10.
3390/sul32212674

Ahmed, M. O., Ogedengbe, K., & Lawal, N. S. (2023). Innovative
trend analysis of hydro-meteorological variables in Ibadan,

In-depth Exploration of Temperature Trends in Morocco 2737

Nigeria. Journal of Fundamental and Applied Sciences. https://
doi.org/10.4314/jfas.v14il.15

Akcay, F., Bingolbali, B., Akpinar, A., & Kankal, M. (2022). Trend
detection by innovative polygon trend analysis for winds and
waves. Frontiers in Marine Science. https://doi.org/10.3389/
fmars.2022.930911

Alashan, S. (2018). An improved version of innovative trend
analyses. Arabian Journal of Geosciences. https://doi.org/10.
1007/s12517-018-3393-x

Alashan, S. (2020). Testing and improving type 1 error perfor-
mance of Sen’s innovative trend analysis method. Theoretical
and Applied Climatology. https://doi.org/10.1007/s00704-020-
03363-5

Alashan, S. (2023). Non-monotonic trend analysis using Mann-
Kendall with self-quantiles. Theoretical and Applied Climatol-
ogy. https://doi.org/10.1007/S00704-023-04666-Z

Alifujiang, Y., Abuduwaili, J., & Abliz, A. (2023). Precipitation
trend identification with a modified innovative trend analysis
technique over Lake Issyk-Kul, Kyrgyzstan. Journal of Water
and Climate Change, 14(6), 1798-1815. https://doi.org/10.2166/
wee.2023.413

Arnell, N. W., Lowe, J. A., Challinor, A. J., & Osborn, T. J. (2019).
Global and regional impacts of climate change at different levels
of global temperature increase. Climatic Change, 155(3),
377-391. https://doi.org/10.1007/S10584-019-02464-Z

Baldi, M., Dalu, G., Maracchi, G., Pasqui, M., & Cesarone, F.
(2006). Heat waves in the Mediterranean: a local feature or a
larger-scale effect? International Journal of Climatology, 26(11),
1477-1487. https://doi.org/10.1002/JOC.1389

Belaassal, A. (1998). Précipitations au Maroc et circulation atmo-
sphérique au niveau 700 hPa. Mediterrance, 88(1), 19-26.
https://doi.org/10.3406/MEDIT.1998.3028

Ceribasi, G., Ceyhunlu, A. 1., & Ahmed, N. (2021). Analysis of
temperature data by using innovative polygon trend analysis and
trend polygon star concept methods: A case study for Susurluk
Basin Turkey. Acta Geophysica, 69(5), 1949-1961. https://doi.
org/10.1007/S11600-021-00632-3

Chen, H., Guo, S., Xu, C. Y., & Singh, V. P. (2007). Historical
temporal trends of hydro-climatic variables and runoff response
to climate variability and their relevance in water resource
management in the Hanjiang basin. Journal of Hydrology,
344(3—4), 171-184. https://doi.org/10.1016/J.JHYDROL.2007.
06.034

Chowdari, K., Deb Barma, S., Bhat, N., Girisha, R., Gouda, K. C.,
& Mahesha, A. (2023). Trends of seasonal and annual rainfall of
semi-arid districts of Karnataka, India: application of innovative
trend analysis approach. Theoretical and Applied Climatology.
https://doi.org/10.1007/s00704-023-04400-9

Deniz, A. Z., & Gonencgil, B. (2015). Trends of summer daily
maximum temperature extremes in Turkey. Physical Geography,
36(4), 268-281. https://doi.org/10.1080/02723646.2015.1045285

Donat, M. G., Peterson, T. C., Brunet, M., King, A. D., Almazroui,
M., Kolli, R. K., Boucherf, D., Al-Mulla, A. Y., Nour, A. Y.,
Aly, A. A, Nada, T. A. A, Semawi, M. M., Al Dashti, H. A.,
Salhab, T. G., El Fadli, K. 1., Muftah, M. K., Dah Eida, S., Badi,
W., Driouech, F., & Al Shekaili, M. N. (2014). Changes in
extreme temperature and precipitation in the Arab region: Long-
term trends and variability related to ENSO and NAO. Interna-
tional Journal of Climatology, 34(3), 581-592. https://doi.org/10.
1002/JOC.3707


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su132212674
https://doi.org/10.3390/su132212674
https://doi.org/10.4314/jfas.v14i1.15
https://doi.org/10.4314/jfas.v14i1.15
https://doi.org/10.3389/fmars.2022.930911
https://doi.org/10.3389/fmars.2022.930911
https://doi.org/10.1007/s12517-018-3393-x
https://doi.org/10.1007/s12517-018-3393-x
https://doi.org/10.1007/s00704-020-03363-5
https://doi.org/10.1007/s00704-020-03363-5
https://doi.org/10.1007/S00704-023-04666-Z
https://doi.org/10.2166/wcc.2023.413
https://doi.org/10.2166/wcc.2023.413
https://doi.org/10.1007/S10584-019-02464-Z
https://doi.org/10.1002/JOC.1389
https://doi.org/10.3406/MEDIT.1998.3028
https://doi.org/10.1007/S11600-021-00632-3
https://doi.org/10.1007/S11600-021-00632-3
https://doi.org/10.1016/J.JHYDROL.2007.06.034
https://doi.org/10.1016/J.JHYDROL.2007.06.034
https://doi.org/10.1007/s00704-023-04400-9
https://doi.org/10.1080/02723646.2015.1045285
https://doi.org/10.1002/JOC.3707
https://doi.org/10.1002/JOC.3707

2738 Z. Qadem and G. Tayfur

Driouech, F., Déqué, M., & Sanchez-Gomez, E. (2010). Weather
regimes—Moroccan precipitation link in a regional climate
change simulation. Global and Planetary Change, 72(1-2),
1-10. https://doi.org/10.1016/J.GLOPLACHA.2010.03.004

Driouech, F., Stafi, H., Khouakhi, A., Moutia, S., Badi, W., EIRhaz,
K., & Chehbouni, A. (2021). Recent observed country-wide
climate trends in Morocco. International Journal of Climatology,
41(S1), E855-E874. https://doi.org/10.1002/joc.6734

Efthymiadis, D., Goodess, C. M., & Jones, P. D. (2011). Trends in
Mediterranean gridded temperature extremes and large-scale
circulation influences. Natural Hazards and Earth System Sci-
ences, 11(8), 2199-2214. https://doi.org/10.5194/NHESS-11-
2199-2011

Esit, M. (2023). Investigation of innovative trend approaches (ITA
with significance test and IPTA) comparing to the classical trend
method of monthly and annual hydrometeorological variables: A
case study of Ankara region, Turkey. Journal of Water and
Climate Change. https://doi.org/10.2166/wcc.2022.356

Esit, M., Celik, R., & Akbas, E. (2023a). Spatial and temporal
variation of meteorological parameters in the lower Tigris-
Euphrates basin, Tiirkiye: Application of non-parametric meth-
ods and an innovative trend approach. Water Science and
Technology, 87(8), 1982-2004. https://doi.org/10.2166/wst.2023.
116

Esit, M., Yuce, M. L., Deger, IH., & Yasa, I. (2023b). Trend and
variability analysis in rainfall and temperature records over Van
Province, Tiirkiye. Theoretical and Applied Climatology. https://
doi.org/10.1007/s00704-023-04644-5

Filahi, S., Tanarhte, M., Mouhir, L., El Morhit, M., & Tramblay, Y.
(2016). Trends in indices of daily temperature and precipitations
extremes in Morocco. Theoretical and Applied Climatology,
124(3-4), 959-972. https://doi.org/10.1007/S00704-015-1472-4

Frich, P., Alexander, L. V., Della-Marta, P., Gleason, B., Haylock,
M., Tank Klein, A. M. G., & Peterson, T. (2002). Observed
coherent changes in climatic extremes during the second half of
the twentieth century. Climate Research, 19(3), 193-212. https://
doi.org/10.3354/CR019193

Gagnon, J. S. (2022). Significance of a 1 °C increase in global
temperature. European Journal of Physics, 43(6), 065101.
https://doi.org/10.1088/1361-6404/AC812A

Giannakopoulos, C., Le Sager, P., Bindi, M., Moriondo, M., Kos-
topoulou, E., & Goodess, C. M. (2009). Climatic changes and
associated impacts in the Mediterranean resulting from a 2 °C
global warming. Global and Planetary Change, 68(3), 209-224.
https://doi.org/10.1016/j.gloplacha.2009.06.001

Giorgi, F., & Lionello, P. (2008). Climate change projections for
the Mediterranean region. Global and Planetary Change,
63(2-3), 90-104. https://doi.org/10.1016/j.gloplacha.2007.09.
005

Gocic, M., & Trajkovic, S. (2012). Analysis of changes in mete-
orological variables using Mann-Kendall and Sen’s Slope
estimator statistical tests in Serbia. Global and Planetary
Change, 100, 172—-182. https://doi.org/10.1016/j.gloplacha.2012.
10.014

Guclu, Y. S. (2018). Multiple Sen-innovative trend analyses and
partial Mann-Kendall test. Journal of Hydrology, 566, 685-704.
https://doi.org/10.1016/j.jhydrol.2018.09.034

Hadri, A., Saidi, M. E. M., Saouabe, T., & El Fels, A. E. A. (2021).
Temporal trends in extreme temperature and precipitation events
in an arid area: Case of Chichaoua Mejjate region (Morocco).

Pure Appl. Geophys.

Journal of Water and Climate Change, 12(3), 895-915. https://
doi.org/10.2166/WCC.2020.234

Hamed, K. H. (2008). Trend detection in hydrologic data: The
Mann-Kendall trend test under the scaling hypothesis. Journal of
Hydrology, 349(3—4), 350-363. https://doi.org/10.1016/j.jhydrol.
2007.11.009

IPCC. (2014). Climate Change 2014: Impacts, Adaptation, and
Vulnerability/Part A: Global and Sectoral Aspects. Report of the
Intergovernmental Panel on Climate Change Ed C B Field et al
(Cambridge) (Cambridge University Press) (Cambridge,United
Kingdom and New York, NY,USA), 1-32.

IPCC. (2018). Global warming of 1.5 °C. Special Report. Inter-
governmental Panel on Climate Change.

Jones, P. D. (1995). Maximum and minimum temperature trends in
Ireland, Italy, Thailand Turkey and Bangladesh. Atmospheric
Research, 37(1-3), 67-78. https://doi.org/10.1016/0169-
8095(94)00069-P

Karacosta, P., Pakalidou, N., Douka, M., & Karacostas, T. (2023).
Innovative Polygon Trend Analysis (IPTA): a case study for
precipitation in Thessaloniki during the Last 50 Years
(1971-2020). Environmental Sciences Proceedings, 16th Inter-
national  Conference on Meteorology, Climatology and
Atmospheric Physics—COMECAP 2023, MDPI, Basel, Switzer-
land, 26(1), 161. https://doi.org/10.3390/
environsciproc2023026161

Kendall, M. (1975). Rank correlation method. Charless Griffin.

Khomsi, K., Mahe, G., Tramblay, Y., Sinan, M., & Snoussi, M.
(2015). Trends in rainfall and temperature extremes in Morocco.
Hazards Earth Syst. Sci. Discuss, 3, 1175-1201. https://doi.org/
10.5194/nhessd-3-1175-2015

Klein, A. M. G., Konnen, G. P., & Konnen, K. (2003). Trends in
Indices of Daily Temperature and Precipitation Extremes in
Europe, 1946-99. Journal of Climate, 16(22), 3665-3680.
https://doi.org/10.1175/1520-0442(2003)016

Knippertz, P., Christoph, M., & Speth, P. (2003). Long-term pre-
cipitation variability in Morocco and the link to the large-scale
circulation in recent and future climates. Meteorology and
Atmospheric Physics, 83(1-2), 67-88. https://doi.org/10.1007/
S00703-002-0561-Y

Knobler, S., Rilov, G., & Liberzon, D. (2023). Climate Change
Trends in The Eastern Mediterranean Hotspot. EGU23. https://
doi.org/10.5194/EGUSPHERE-EGU23-1058

Kostopoulou, E., & Jones, P. D. (2005). Assessment of climate
extremes in the Eastern Mediterranean. Meteorology and Atmo-
spheric Physics, 89(1-4), 69-85. https://doi.org/10.1007/S00703-
005-0122-2/METRICS

Koycegiz, C., & Buyukyildiz, M. (2023). Applications of innova-
tive polygon trend analysis (IPTA) and trend polygon star
concept (TPSC) methods for the variability of precipitation in
Konya Closed Basin (Turkey). Theoretical and Applied Clima-
tology. https://doi.org/10.1007/s00704-023-04765-x

Lopez-Moreno, J. L., Vicente-Serrano, S. M., Moran-Tejeda, E.,
Lorenzo-Lacruz, J., Kenawy, A., & Beniston, M. (2011). Effects
of the North Atlantic Oscillation (NAO) on combined tempera-
ture and precipitation winter modes in the Mediterranean
mountains: Observed relationships and projections for the 21st
century. Global and Planetary Change, 77(1-2), 62-76. https://
doi.org/10.1016/J.GLOPLACHA.2011.03.003

Mandal, T., Chakraborty, K., & Saha, S. (2023). Innovative trend
analysis of groundwater resources under changing climate in
Malda district, India. In: P. Shit, G. Bhunia, & P. Adhikary


https://doi.org/10.1016/J.GLOPLACHA.2010.03.004
https://doi.org/10.1002/joc.6734
https://doi.org/10.5194/NHESS-11-2199-2011
https://doi.org/10.5194/NHESS-11-2199-2011
https://doi.org/10.2166/wcc.2022.356
https://doi.org/10.2166/wst.2023.116
https://doi.org/10.2166/wst.2023.116
https://doi.org/10.1007/s00704-023-04644-5
https://doi.org/10.1007/s00704-023-04644-5
https://doi.org/10.1007/S00704-015-1472-4
https://doi.org/10.3354/CR019193
https://doi.org/10.3354/CR019193
https://doi.org/10.1088/1361-6404/AC812A
https://doi.org/10.1016/j.gloplacha.2009.06.001
https://doi.org/10.1016/j.gloplacha.2007.09.005
https://doi.org/10.1016/j.gloplacha.2007.09.005
https://doi.org/10.1016/j.gloplacha.2012.10.014
https://doi.org/10.1016/j.gloplacha.2012.10.014
https://doi.org/10.1016/j.jhydrol.2018.09.034
https://doi.org/10.2166/WCC.2020.234
https://doi.org/10.2166/WCC.2020.234
https://doi.org/10.1016/j.jhydrol.2007.11.009
https://doi.org/10.1016/j.jhydrol.2007.11.009
https://doi.org/10.1016/0169-8095(94)00069-P
https://doi.org/10.1016/0169-8095(94)00069-P
https://doi.org/10.3390/environsciproc2023026161
https://doi.org/10.3390/environsciproc2023026161
https://doi.org/10.5194/nhessd-3-1175-2015
https://doi.org/10.5194/nhessd-3-1175-2015
https://doi.org/10.1175/1520-0442(2003)016
https://doi.org/10.1007/S00703-002-0561-Y
https://doi.org/10.1007/S00703-002-0561-Y
https://doi.org/10.5194/EGUSPHERE-EGU23-1058
https://doi.org/10.5194/EGUSPHERE-EGU23-1058
https://doi.org/10.1007/S00703-005-0122-2/METRICS
https://doi.org/10.1007/S00703-005-0122-2/METRICS
https://doi.org/10.1007/s00704-023-04765-x
https://doi.org/10.1016/J.GLOPLACHA.2011.03.003
https://doi.org/10.1016/J.GLOPLACHA.2011.03.003

Vol. 181, (2024)

(Eds.), Case studies in geospatial applications to groundwater
resources (Chap. 13, pp. 29-249). Amsterdam, Netherlands:
Elsevier.

Mann, H. B. (1945). Nonparametric tests against trend. Econo-
metrica, 13(3), 245. https://doi.org/10.2307/1907187

Mehdaoui, R., Mili, E.-M., & Seghir, A. (2018). Caractérisation a
I’aide du SPI de la Sécheresse climatique dans le bassin versant
de Ziz (Sud-Est, Maroc). European Scientific Journal ESJ,
14(21), 177. https://doi.org/10.19044/esj.2018.v14n21p177

Ouhamdouch, S., & Bahir, M. (2017). Climate change impact on
future rainfall and temperature in semi-arid areas (Essaouira
Basin, Morocco). Environmental Processes, 4(4), 975-990.
https://doi.org/10.1007/S40710-017-0265-4

Oztopal, A., & Sen, Z. (2017). Innovative trend methodology
applications to precipitation records in Turkey. Water Resources
Management, 31, 727-737. https://doi.org/10.1007/s11269-016-
1343-5

Ozturk, T., Ceber, Z. P., Turkes, M., & Kurnaz, M. L. (2015).
Projections of climate change in the Mediterranean Basin by
using downscaled global climate model outputs. International
Journal of Climatology, 35(14), 4276-4292. https://doi.org/10.
1002/JOC.4285

Pardo, S. K., Pastor, P., Valiente, J. A., Paredes-Fortuny, L., &
Beneto, P. (2023). The new reality of the Mediterranean: accel-
erating impacts of climate change. EGU23. https://doi.org/10.
5194/EGUSPHERE-EGU23-15233

Pastagia, J., & Mehta, D. (2022). Application of innovative trend
analysis on rainfall time series over Rajsamand district of
Rajasthan state. Water Supply. https://doi.org/10.2166/ws.2022.
276

Rahman, A., & Dawood, M. (2017). Spatio-statistical analysis of
temperature fluctuation using Mann-Kendall and Sen’s slope
approach. Climate Dynamics, 48(3—4), 783-797. https://doi.org/
10.1007/S00382-016-3110-Y

Salmi, T. et al (2002). Detecting trends of annual values of
atmospheric pollutants by the Mann-Kendall test and Sen’s slope
estimates: MAKESENS-The Excel template application. Hel-
sinki, Finland: Finnish Meteorological Institute.

Sebbar, A., Fougrach, H., Hsaine, M., & Badri, W. (2022). ‘Evo-
lution du régime pluviométrique sur un siecle dans la province de
settat, Maroc’. 35¢me colloque annuel de 1’ Association Interna-
tionale de Climatologie — AIC 2022.

Sen, P. K. (1968). Estimates of the regression coefficient based on
Kendall’s tau. Journal of the American Statistical Association,
63(324), 1379-1389.

Sen, Z. (2012). Innovative trend analysis methodology. Journal of
Hydrologic Engineering, 17(9), 1042-1046. https://doi.org/10.
1061/(ASCE)HE.1943-5584.0000556

Sen, Z., Sisman, E., & Dabanli, I. (2019). Innovative polygon trend
analysis (IPTA) and applications. Journal of Hydrology, 575,
202-210. https://doi.org/10.1016/J.JHYDROL.2019.05.028

Serencam, U. (2019). Innovative trend analysis of total annual
rainfall and temperature variability case study: Yesilirmak
region, Turkey. Arabian Journal of Geosciences. https://doi.org/
10.1007/s12517-019-4903-1

In-depth Exploration of Temperature Trends in Morocco 2739

Stathi, E., Kastridis, A., & Myronidis, D. (2023). Analysis of
hydrometeorological trends and drought severity in water-de-
manding mediterranean islands under climate change conditions.
Climate, 11(5), 106. https://doi.org/10.3390/CLI11050106

Tabari, H., & Hosseinzadeh Talaee, P. (2011). Analysis of trends in
temperature data in arid and semi-arid regions of Iran. Global
and Planetary Change, 79(1-2), 1-10. https://doi.org/10.1016/J.
GLOPLACHA.2011.07.008

Touhedi, H., Kankal, M., & Yildiz, M. B. (2023). Trend analysis of
maximum rainfall series of standard durations in Turkey with
innovative methods. Natural Hazards, 119(3), 1479-1511.
https://doi.org/10.1007/s11069-023-06085-9

Tramblay, Y., Badi, W., Driouech, F., El Adlouni, S., Neppel, L., &
Servat, E. (2012). Climate change impacts on extreme precipi-
tation in Morocco. Global and Planetary Change, 82-83,
104-114. https://doi.org/10.1016/J.GLOPLACHA.2011.12.002

Tuel, A., Kang, S., & Eltahir, E. A. B. (2021). Understanding
climate change over the southwestern Mediterranean using high-
resolution simulations. Climate Dynamics, 56(3—4), 985-1001.
https://doi.org/10.1007/S00382-020-05516-8

Unkasevic, M., & Tosic, 1. (2009). An analysis of heat waves in
Serbia. GPC, 65(1), 17-26.  https://doi.org/10.1016/].
GLOPLACHA.2008.10.009

Vargas-Yanez, M., Moya, F., Garcia-Martinez, M. C., Tel, E.,
Zunino, P., Plaza, F., Salat, J., Pascual, J., Lopez-Jurado, J. L., &
Serra, M. (2010). Climate change in the Western Mediterranean
Sea 1900-2008. Journal of Marine Systems, 82(3), 171-176.
https://doi.org/10.1016/j.jmarsys.2010.04.013

Wang, Y., Xu, Y., Tabari, H., Wang, J., Wang, Q., Song, S., & Hu,
Z. (2020). Innovative trend analysis of annual and seasonal
rainfall in the Yangtze River Delta, eastern China. Atmospheric
Research, 231, 104673. https://doi.org/10.1016/J.ATMOSRES.
2019.104673

Xoplaki, E., Gonzdlez-Rouco, J. F., Luterbacher, J., & Wanner, H.
(2003). Mediterranean summer air temperature variability and its
connection to the large-scale atmospheric circulation and SSTs.
Climate Dynamics, 20(7-8), 723-739. https://doi.org/10.1007/
s00382-003-0304-x

Yacoub, E., & Tayfur, G. (2017). Evaluation and assessment of
meteorological drought by different methods in Trarza Region.
Mauritania. Water Resources Management, 31(3), 825-845.
https://doi.org/10.1007/s11269-016-1510-8

Yacoub, E., & Tayfur, G. (2020). Spatial and temporal of variation
of meteorological drought and precipitation trend analysis over
whole Mauritania. Journal of African Earth Sciences, 163,
103761. https://doi.org/10.1016/J.JAFREARSCI.2020.103761

Yenice, A. C., & Yaqub, M. (2022). Trend analysis of temperature
data using innovative polygon trend analysis and modeling by
gene expression programming. Environmental Monitoring and
Assessment. https://doi.org/10.1007/s10661-022-10156-y

Zeybekoglu, U. (2023). Temperature series analysis of the Hirfanli
Dam Basin with the Mann-Kendall and Sequential Mann-Ken-
dall tests. Turkish Journal of Engineering, 7(4), 306-313. https://
doi.org/10.31127/tuje.1145716

(Received March 4, 2024, revised June 28, 2024, accepted July 1, 2024, Published online July 9, 2024)


https://doi.org/10.2307/1907187
https://doi.org/10.19044/esj.2018.v14n21p177
https://doi.org/10.1007/S40710-017-0265-4
https://doi.org/10.1007/s11269-016-1343-5
https://doi.org/10.1007/s11269-016-1343-5
https://doi.org/10.1002/JOC.4285
https://doi.org/10.1002/JOC.4285
https://doi.org/10.5194/EGUSPHERE-EGU23-15233
https://doi.org/10.5194/EGUSPHERE-EGU23-15233
https://doi.org/10.2166/ws.2022.276
https://doi.org/10.2166/ws.2022.276
https://doi.org/10.1007/S00382-016-3110-Y
https://doi.org/10.1007/S00382-016-3110-Y
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000556
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000556
https://doi.org/10.1016/J.JHYDROL.2019.05.028
https://doi.org/10.1007/s12517-019-4903-1
https://doi.org/10.1007/s12517-019-4903-1
https://doi.org/10.3390/CLI11050106
https://doi.org/10.1016/J.GLOPLACHA.2011.07.008
https://doi.org/10.1016/J.GLOPLACHA.2011.07.008
https://doi.org/10.1007/s11069-023-06085-9
https://doi.org/10.1016/J.GLOPLACHA.2011.12.002
https://doi.org/10.1007/S00382-020-05516-8
https://doi.org/10.1016/J.GLOPLACHA.2008.10.009
https://doi.org/10.1016/J.GLOPLACHA.2008.10.009
https://doi.org/10.1016/j.jmarsys.2010.04.013
https://doi.org/10.1016/J.ATMOSRES.2019.104673
https://doi.org/10.1016/J.ATMOSRES.2019.104673
https://doi.org/10.1007/s00382-003-0304-x
https://doi.org/10.1007/s00382-003-0304-x
https://doi.org/10.1007/s11269-016-1510-8
https://doi.org/10.1016/J.JAFREARSCI.2020.103761
https://doi.org/10.1007/s10661-022-10156-y
https://doi.org/10.31127/tuje.1145716
https://doi.org/10.31127/tuje.1145716

	In-depth Exploration of Temperature Trends in Morocco: Combining Traditional Methods of Mann Kendall with Innovative ITA and IPTA Approaches
	Abstract
	Introduction
	Study Area, Data Description, and Temperature Variations at Various Time Scales
	Methodology Using Classic and Innovative Tests
	Mann--Kendall Test (MK)
	Sen’s Slope Estimator
	Innovative Trends Analysis (ITA)
	Innovative Polygon Trend Analysis (IPTA)

	Results and Discussion
	Mann--Kendall (MK) Test, Sen’s Slope, and P-value
	Station-wise Analysis
	Monthly Analysis
	Seasonal Analysis

	Innovative Trend Analysis (ITA)
	Innovative Polygon Trend Analysis (IPTA)
	IPTA Monthly Analysis
	IPTA Seasonal Analysis


	Discussion
	Conclusions
	Acknowledgements
	Author Contributions
	Data Availability
	References




