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Abstract

In this study, we evaluate trends in precipitation and temperature and their related extreme indices in
Morocco based on a set of National Climate Monitoring Products defined the by the commission for
climatology of the WMO. We use daily precipitation, maximum and minimum temperature data from
30 meteorological stations distributed throughout the country and covering the period from 1960 to
2016. Statistically significant increasing trends in warm temperature events and a tendency towards
decreasing cold extremes at both daytime and night are depicted across the country consistent with the

generalized observed global warming. We found that the daily temperature in Morocco has risen with
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higher rates than the global scale. The depicted trend of 0.33°C per decade corresponds to a warming
of approximately 1.1°C for the period 1984-2016. The annual mean precipitation and the standardized
drought index show less spatially consistent tendencies despite the predominance of negative trends.
Considering the effect of the warming in the analysis of drought evolution using the Standardised
Precipitation-Evapotranspiration Index, we detected statistically significant trends towards dryer
conditions in different regions of the northern half of the country. Analysis of the relationship between
precipitation in Morocco and the large-scale atmospheric circulation in the Atlantic area confirmed the
effects of the North Atlantic Oscillation, especially for the winter season (with low influence at the
annual scale). Moreover, we found that the NAO exerts significant influence on winter extreme
temperatures during night time. However, such correlations alone may not explain the depicted

significant generalized warming trends and the drying evolution.

1. Introduction

Studies conducted at global, regional and national scale have highlighted Morocco as one of
the most vulnerable territories to climate change in the Mediterranean and North Africa (e.g.
Schilling et al. 2020, Diffenbaugh and Giorgi 2012). Geographically, Morocco is located in
the Northwest of the African continent, extending from 21°N to 37°N and bordering the
Mediterranean Sea in the north and the Atlantic Ocean in the West.

Moroccan climate is influenced by the Atlantic Ocean, the Mediterranean Sea and the Sahara
(Knippertz et al., 2003; Driouech et al., 2009; Tramblay et al., 2012) leading to sub-humid to
semi-arid climate in the north and to arid to desert climate in the south. The mid-latitude storm
tracks exert a strong influence on precipitation especially in the most humid region (Bolle,
2002; Driouech et al., 2009). The North Atlantic large-scale circulation (extratropical
circulation modes) can lead to normal, dry or humid conditions during wintertime depending
on the type of weather regime (Driouech et al., 2010b). In particular, the weather regime
reminiscent to the positive (negative) phase of the north Atlantic oscillation (NAO) is
generally associated with dry (wet) conditions. Very humid conditions in the north-eastern
part of the country can be generated by blocking in the Mediterranean pressure systems (e.g.
El Hoceima Novembre 2003). Tropical storms moving up into the Atlantic coast have
repeatedly resulted in extreme precipitation events (e.g. Tantan August 2003, Casablanca
November 2010) in agreement with results of previous studies highlighting tropical-extra-
tropical interactions in the region (Knippertz and Martin, 2005; Xoplaki et al., 2012).
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Analyses of trends in precipitation and temperature in Morocco using observed and reanalysis
data, have indicated trends toward warmer and dryer conditions (e.g. Driouech, 2010;
Tramblay et al., 2013 ; Driouech et al., 2013; Donat et al., 2014; Filahi et al., 2015; Alexander,
2016; Sippel et al., 2017). Driouech (2010) and Driouech et al. (2013) depicted a tendency
towards warming and drying conditions in many regions based on observations from 17
meteorological stations covering the period of 1961-2008. Positive trends in mean temperature
and warm extremes and decreasing trends in cold events have been identified by Donat et al.,
(2014) using data from 10 meteorological stations. Tramblay et al., (2013) and Filahi et al.,
(2015) highlighted decreasing trends in precipitation especially in the interior of the country
and at stations with long-term time series (i.e. about 4 decades). Although the above studies
have pointed to trends towards more persistent drought (Tramblay et al., 2013; Driouech et al.,
2013), changes in extreme precipitation events were less consistent (Donat et al., 2014;
Tramblay et al., 2012; Filahi et al., 2015 ; Khomesi et al., 2016).

In terms of future changes, most of the climate model projections agree on future changes in
the Moroccan climate, consistent with the whole Mediterranean region, including an increase
in the mean and high temperatures and a decrease in the total annual precipitation amounts
(e.g. IPCC 2013; Driouech and El Rhaz, 2017; IPCC, 2018; Polade et al., 2017; Dosio, 2016;
Knutti et al., 2015). These projections are issued from models with different resolutions
(ranging from few hundreds of km to about 12 km) and under different emission scenarios
(from low to high). Projected changes in future precipitation indicate a decrease that could
intensify with the global warming (Knutti et al., 2015). A recent study by Driouech and El
Rhaz (2017), projected warmer and drier conditions that could intensify with the greenhouse
gas emissions. Future changes in extremes are also consistent with the projected evolutions.
Indeed, many studies suggest a tendency towards increasing droughts and a decrease in high
precipitation events (Giorgi et al., 2014; Molinié et al., 2016; Planton et al., 2016; Dosio and
Panitz 2015; Betts et al., 2018).

Impacts of projected changes in Moroccan climate are far from positive and the higher the
future emissions the more likely the effects would be harmful. Most of the studies evaluating
climate change impacts in Morocco have focused on water resources and/or agriculture due to
their high climate dependency and to their social and economic implications on the
development of the country. For example, water resources (surface water and groundwater)
are projected to decrease (Driouech et al., 2010a; Wanders et al., 2015; Betts et al., 2018; Dol
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et al., 2018; Schewe et al., 2014; Tramblay et al., 2016; Marchane et al., 2017) which will
negatively impact crop yields (Niang et al., 2014; Brouziyne et al., 2018). Negative climate
effects have already been witnessed in the past. For instance, the dry conditions that occurred
during 1982-83 and 1994-95, two of the most general droughts that affected the country, led to
a drop of water reserves impacting not only irrigated agriculture but also drinking water
supplies and electricity production (e.g. Benassi, 2008; Verner et al., 2018). Ground water
resources and water reservoirs benefit greatly from wet periods, however intense rainfall
periods often lead to devastating floods. The floods of 29 and 30 November 2010 (223 mm in
2 days) caused considerable damage to infrastructure and loss of life in Casablanca. Other
flood events in different parts of the country resulted in disruptions, life loss and damage to
the infrastructure (e.g. Settat flood, 23-24 December 2001, the Ourika valley flood on the 17
August 1995 (Saidi et al., 2003), and a recent flood in late summer and beginning autumn of
2019 in southern Morocco).

Assessing climate trends at the national scale provides useful information for high level
decision making and contributes to raising awareness and understanding of the effects of
climate variability and change. Moreover, such assessment is relevant for developing
adaptation and resilience strategies to climate change. Most of the few studies on observed
climate trends in Morocco cited above have been conducted either at individual stations,
catchment level, or in specific regions. However, there has not yet been a study at the national
scale.

A set of “National Climate Monitoring Products” (NCMPs) (WMO, 2017a) have been
recently defined by the World Meteorological Organization’s (WMO) Commission of
Climatology through its Expert Team on National Climate Monitoring Products (ET-NCMP).
The objectives of NCMPs were to 1) provide consistent and comparable information on the
state of climate 2) summarise climatic conditions at a national scale 3) show how current
conditions compare with those in the past and 4) facilitate climate monitoring and detection of
trends and change in the climate patterns. Therefore, this paper evaluates trends in rainfall,
temperature and related extreme indices at the national scale of Morocco using NCMPs
(detailed in the section 2) and the Standardised Precipitation-Evapotranspiration Index (SPEI)
derived from 30 meteorological stations covering all the main climate zones of the country.

In addition to assessing trends at the country scale, as a first application of the NCMPs in

Morocco, we also conducted trend analysis at the regional and station levels. Last, we
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examined the relationship between Moroccan precipitation and the NAO to assess the
usefulness and constraints of NCMPs. NAO is one of the main climate patterns affecting the
Mediterranean region as reported by several studies (i.e. Hurrell 1995; Seager et al., 2019).

The structure of this paper is as follows: Section 2 presents the data pre-processing and the
calculation of climate indices. Section 3 presents the results and discussion which include
analysis of Moroccan climate based on NCMPs, trend analysis for each index and the

relationship between NCMPs and NAO. We conclude the study in section 4.

Data and methods

2.1. Data

We use daily precipitation, maximum and minimum temperature data over the period 1960-
2016 collected from a set of 30 meteorological stations distributed across Morocco. The data
is provided by the Moroccan National Meteorological Service (La Direction de la
Météorologie Nationale, referred to as DMN). Out of all the data records available, the
percentage of missing precipitation data does not exceed 0.7% of the total number of
precipitation days at each station except at one a station (Kasbat-Tadla, #2 in table 1) where
2% of the daily records is missing. The missing data of maximum and minimum temperature
series do not exceed 3% and 2% respectively. Those days with missing data were omitted
from the analysis.

The geographic distribution of the stations covers most of the country and its main climate
regions despite the inhomogeneous spatial coverage between regions (Figure 1). Climate
regions as defined by Knippertz et al. (2003) and Born et al. (2008) were used. The
northwestern quarter region (Atlantic region, hereafter Region I) corresponds to the wettest
part of the country and its climate is predominantly influenced by the north Atlantic
circulation (Knippertz et al., 2003). The Mediterranean region (Region Il) encompasses the
north-eastern part of the country and is mostly influenced by the Mediterranean, and Region
111 (south of the Atlas) corresponds to the south east of the country. Additionally, we have
added the southern region (Region 1V) that was not part of the previous climatic
regionalization. This climate region is mostly influenced by the Saharan heat low.

The NAO index is downloaded from NOAA National Centers for Environmental Information

(https://www.ncdc.noaa.gov/teleconnections/nao/) (NAO; NCEI, 2019).
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2.2.Data quality control and homogeneity check

The data quality is routinely controlled by the DMN to identify suspicious or unreasonable
values before being publicly available. We have performed additional quality control of the
data using the RClimdex software package (Zhang and Yang, 2004). RClimdex can
automatically detect unreasonable values for example daily precipitation amounts less than
zero, daily maximum temperature less than daily minimum temperature. The software can also
detect outlier values outside an interval defined as the mean plus or minus n times standard
deviation of the value for the day, that is, [mean — n*std, mean+n*std]. For this task, the factor
n was set to 5 for temperature parameters to get reasonable number of flagged data (3 and 4
have been tested as well). A default Rclimdex range defined by n+2 standard deviation is used
for precipitation data. We have also checked for the large values such as precipitation

exceeding 200 or temperatures with absolute values over 50°C.

Overall, the Rclimdex quality control analysis did not show any unreasonable values of
precipitation or temperatures. The very few-flagged precipitation data corresponded to daily
records that are genuinely recorded in exceptional humid situations explaining the relatively
high precipitation amounts detected. Several daily maximum temperature values have also
been flagged by Rclimdex especially during the summer season. However, these values
corresponded to short heat wave periods in coastal stations known for higher temperature
values caused by synoptic situations with hot easterly or southerly winds followed by a
relatively rapid decrease caused by sea breezes. The flagged minimum temperature data
corresponded to keying errors (mostly related to point position in the record values). In total,
18 values (all temperature time series included) were corrected based on comparison with
station’s archives and expert judgment and knowledge of the local weather and the climate

conditions.

In addition to the quality control, we also conducted homogeneity check of the data. Climatic
time series may exhibit spurious jumps and/or gradual shifts due to non-climatic factors such
as station relocation, changes in the environment surrounding the station, changes in
instrumentation or observing practices resulting in inhomogeneous data that affect the long-
term trends (Alexandersson, 1986; Vincent et al., 2002; Wijngaard et al., 2003; Alexander
2016). Therefore, homogeneity tests are applied to detect possible non-climatic artefacts in

data and ensure accurate estimates for climate trends. Several homogeneity testing methods
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have been described in the literature (e.g. Petersonet al.,, 1998; Aguilaret al., 2003;
Beaulieu et al., 2007, 2008; Venemaet al., 2012); however, given the complexity of the
homogenization process, there is no single most appropriate method. It is particularly
problematic if no nearby homogeneous reference station is available or when focusing on the

daily time scale of the data.

In this study, we have used two different software packages encompassing two different
homogenization processes: 1) ACMANT software; Adapted Caussinus-Mestre Algorithm for
homogenizing Networks of Temperatures series (Domonkos 2014; Domonkos and Coll, 2017)
and 2) RHtest (Wang and Feng, 2009) using RH-TestV3 program. RHTest is used with a
penalized maximal F-test (e.g. Wang, 2008) to identify potential change points in the time
series, based on two-phase regression models for the detection of shifts in individual station
time series. ACMANT is based on a bivariate detection of changes that includes a penalty
term (Caussinus and Mestre, 2004). The level of confidence at which the tests are conducted
to identify change points (potential breaks) have been set to the default values (0.05 for RHtest
and 0.01 for ACMANT). Note that due to the generally large distances between the stations,
we have not used testing methods that make use of reference stations. Only the potential
changes identified by the two tests were retained for verification against available metadata or
known climate conditions. Breaks occurring at relatively close dates for the two methods were
also inspected. Using both tests, none of the stations showed potential breaks in precipitation
series except the station of Fes (#10) but the dates of the jumps are different (i.e. in 1966 and
2002 using ACMANT, 2008/08 and 2011/11 after RHtest) and the available metadata do not
support the existence of a non-climatic source for the jumps. Temperature data exhibits more
potential breaks and many of them have not been documented especially around strong El
Nifio years or during the 1970s; a period that was particularly humid and sometimes cold in
many regions across the country. Time series with potential breaks and no available metadata
for a given station have been discarded or reduced to their homogeneous recent part, except
the most southern station Dakhla, where the maximum temperature time series has been cut to
their longest period (1980-2004). This allows conserving valuable information in a region
with very few observed data. The retained stations (Figure 1) and the corresponding time

series are shown in Table 1.

2.3. Definition of climate indices
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Precipitations data, maximum and minimum temperatures are used to calculate climate indices
(i.e NCMPs) following the guidelines of the WMO on generating a defined set of Standard
National Climate Monitoring Products (WMO, 2017a). We use the NCMPs R package to
generate the indices. The package has been developed to help countries producing NCMPs
consistently and regularly (ET-NCMP, 2018).

For the purpose of this study, we used the first five NCMPs (Table 2) which include: the mean
temperature anomaly (NCMP1), the total rainfall anomaly (NCMP2), the percentage of warm
days ((NCMP4) and cold nights (NCMP5) and the drought index SPI (standardised
precipitation index, NCMP3). The percentage of cold days (Cdays) and warm nights
(Wnights) are also included in the analysis in order to give a more comprehensive picture on
the changes in extreme temperature events. We have not used the sixth NCMP since it is more

appropriate for the monitoring than for trend analysis.

To take into account the effect of the warming on drought conditions, we have added the
Standardised Precipitation-Evapotranspiration Index (SPEI) (Paulo et al., 2012; Vicente-
Serrano et al., 2010, 2015) to the list of indices examined in this work. Several studies have
shown that temperature rise affects the severity of droughts and the role of warming-induced
drought stress has been highlighted in different studies on drought impacts (Martinez-Villalta
et al., 2008; Linares and Camarero, 2011; Barriopedro et al., 2011). This multi-scalar drought
index considers the effect of potential evapotranspiration (PET). It uses the monthly difference
between precipitation and PET, which provides a simple measure of the water surplus or
deficit for the analyzed month (Vicente-Serrano et al., 2010). A log-logistic probability
distribution function is used to fit the data series of accumulated values (depending on the time
scale) of these monthly differences as explained by Vicente-Serrano et al. (2010, 2016).

To calculate SPEI it is required to estimate the reference evapotranspiration (ETO). Initially,
the SPEI was proposed by Vicente-Serrano et al. (2010) to be calculated using ETO based on
Thornthwaite (1948) approach, which requires only monthly-mean temperature data. Vicente-
Serrano et al. (2012) suggested to include more reliable PET estimates based on the
Hargreaves (Hg) or Penman—Monteith equations (PM), in order to reflect better the role
played by PET on drought severity and make the SPEI more suitable to identify drought-
related impacts across systems. PM equation requires extensive data (solar radiation,

temperature, wind speed and relative humidity), and long-term records of these variables are
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not available for many stations. Thus, the Hargreaves equation (Hargreaves and Samani, 1985)
is used in this study. The calculation of SPEI was performed using the R package SPEI
version 1.7 (Begueria and Vicente-Serrano, 2013). To the best of our knowledge, the SPEI has
never been used for drought trends analysis in Morocco using observed station data.

All the indices considered in this study are calculated at the monthly and annual scales (see
table 2 for each index and its definition). The annual values are used for the trend analysis
whereas the monthly indices of NCMPs are used to compute the seasonal values for analysis

of the association of climate indices to the NAO.

2.4. Interpolating, averaging and trend calculation

After computing the indices at each station, we have interpolated these to obtain a regular grid
covering the country (region) to define national (regional) scale values. The interpolation is
undertaken using ordinary Kriging (Cressie, 1993) one of the most commonly used
techniques. The method accounts for the uneven distribution of stations and provides a
reasonable estimate of what the index would be at an intermediate location (WMO,
2017a). For each index, an empirical variogram is created and fit by a functional variogram
model that minimizes the mean squared error. Three types of models; exponential, spherical
and Gaussian, are tested in each case. The variograms of annual indices are shown in the
supplementary material (Figure S1). The variograms have been established over the base
period 1981-2010, this period has also complete data for most of the stations. Based on the
final variograms, the Kriging is performed with a resolution of 0.5°. We have performed the
interpolation calculations using the NCMPs R package (ET-NCMP, 2018), for each of the

indices both annually and monthly.

Next, we averaged each index across the country using the interpolated data to calculate the
National values of the indices. We calculated an area weighted average of all the grid cells
except those falling outside the country’s borders. Last, yearly and monthly time series of each
climate index is generated to use for the trend analysis. Given differences in climate-types of
sub-regions, we have also calculated averages at regional scale by averaging the grid point

values falling within each of the four main Moroccan climate regions.

Finally linear trends of each index are calculated at station, region and country scale levels
using the Sen's slope method (Sen, 1968) and lag-1 autocorrelation removal procedure (Zhang

et al. 2000) in order to produce more reliable estimates of the magnitude and the statistical
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significance of the trend. Most climate series (including precipitation and temperature) are, in
fact, serially correlated due to the multi-year nature of natural climate variability (i.e,
decadal), which may influence trends. The non-parametric Kendall’s rank correlation tau (Sen,
1968) used strengthens the computation since it is robust to the effect of the outliers and to the
non-normality of datasets. The statistical significance of the trends is evaluated at 5% level

using the non-parametric Mann-Kendal test (Mann, 1945; Kendall, 1955).

The trends at the country and regional scales are calculated over a common period 1984 to
2016. The regional trends are also computed over the period covered by most of the stations of
each region: 1964-2016 for Region I, 1960-2016 for Region Il, and 1976-2016 for Region V.
The trends at individual stations are computed over the entire available period of each station
(Table 1).

Results and discussion

3.1.Climatology analysis

The annual mean temperature in Morocco ranges generally from about 11.8°C to 21°C with
the lowest values registered in mountainous regions (e.g. Ifrane station) and the highest ones
in the southern stations (e.g Laayoun). Temperatures typically increase as we move from the
coasts to the inland areas and from the north to the south. The annual temperature variation
coefficient (i.e. the ratio of the standard deviation and the mean), ranges from 2% to 7%
exhibiting a relatively low interannual variability. Precipitations occur mainly from October to
March with high spatial and temporal variability. The mean annual totals range from over 700
mm in the north and in the highland regions to less than 100 mm in the south and the south-
east of the country. The variation coefficient varies from approximately 30% in the northern
half of the country to more than 50% in the south and can reach 90% in the extreme south, a
region where mean annual precipitation does not exceed 30mm. Summers are generally dry,
and the small precipitation amounts received are mostly of storm-origin.

Analyses of the temperature anomalies (NCMP 1) computed at the annual scale for the period
1984-2018 across the country, indicate that the top 10 warmest years in Morocco have all been
recorded in the last two decades. The warmest year is recorded in 2010 with 1.26°C above the
1981-2010 average. The second warmest year is 2015 (0.79°C above average) followed by
2016 with 0.77°C above average (figure 2). Both 2015 and 2016 were the warmest years on
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record globally and in many individual countries (WMO, 2016, 2017b). The second NCMP
(i.e. rainfall anomaly) calculated at the annual scale and country-wide, shows that the highest
national total annual precipitation amounts for the period 1984-2016 was recorded in 1996
followed by 1991 exceeding the normal by about 80% and 70% respectively (Figure 2b). The
year 1996 was also marked by above normal conditions in all stations with record breaking in
precipitation at most of them. The lowest rainfall amounts were recorded in 2001, followed by
2000 then 1984. Nearly half of the annual rainfall (16 out of 33 years) was below normal
conditions. Since 1984, the rainfall deficit periods range from 1 to 4 consecutive years with
1999-2002 being the longest deficit period followed by 1992-1994 period. In 1984, rainfall
was well below normal with a deficit of about 40% at the national scale. In fact, this was part
of a well-known dry period in the first part of eighties (1980-1986) which resulted in severe
negative impacts. This dry period is clearly visible in the NCMP2 index at the regional and
individual stations. For example, at the Region I (Figure S2), one of the most, affected regions
in terms of agriculture and water resources. Other rainfall deficit periods are also recorded in
the last decade with the most notable period recorded in 2012-2016. These periods of
relatively high rainfall deficit are also depicted through the SPI (NCMP 3) with the six highest
negative annual SPI values are recorded in 2001, 1992, 2000, 1984, 1994 and 2013 (Figure
2¢).

The above mentioned rainfall deficit periods or years were marked by at least one strong El
Nifio -Southern Oscillation (ENSO) events (1991-1992, 1994-1995, 1997-1998, 2002, 2014-
2016). The period 1995-1996 experienced a moderate to strong La Nifia event started from
July 1995 to February 1996. Some effects of ENSO on precipitation in North-West Africa
have been reported in different studies (e.g. Nicholson and Kim 1997; Ward et al., 1999,
Mariotti et al., 2002; Knippertz et al., 2003; Driouech, 2010; Donat el al., 2014), especially in
the spring following an ENSO event. However, drawing robust conclusions on the link
between ENSO events and Moroccan climate requires further investigations which are beyond
the scope of the present study. A special focus on droughts and ENSO in Morocco would shed
more light on such an impactful climate oscillation. Precipitation patterns in Morocco are also
affected by the NAO and several previous studies have highlighted this association (EI Hamly
et al., 1998; Ward and al., 1999; Knippertz et al., 2003, Trigo et al., 2004; Driouech et al.,
2010, Lépez-Moreno et al., 2011). The relationship between NAO and NCMP2 is further

discussed in section 4 of this study.
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3.2. Trends in temperature based indices

Analyses of trends in temperature and extreme temperature indices (i.e. NCMP1, NCMP4,
NCMP5, Cdays and Whights) at each individual station and at the regional and the country
scales, indicate an overall trend towards warming conditions in Morocco (Figure 2a and
Figure 3 with the magnitude of trends shown in Table 3). The mean temperatures have
increased at the country-scale at a rate of 0.33°C/decade corresponding to a warming of
approximately 1.1°C for the period 1984-2016 (Table 3). Statistically significant upward
trends at the country scale are noticed in both daytime and night temperatures (Figure 3 and
Table 3). The annual percentages of warm days and warm nights exhibit statistically
significant positive trends with an increase of 12% and 9% respectively over the period (1984-
2016) (Table 3). Trends in low temperature extremes reveal a statistically significant decrease
with a rate of about 6% in both the percentage of cold days and nights (Table 3). We found
statistically significant upward trends in the mean temperature anomalies at all the analysed
stations across the country regardless of their varying record lengths (map in figures 2a).
Extreme temperature indices are also indicating warming conditions at the majority of stations
(maps in Figure 3). Regionally, we found statistically significant changes in both mean
temperature anomalies and high and low extreme events consistent with the warming trends
detected at the country scale (Table 3). The eastern region (Region Il) and south-eastern part
(Region I11) witnessed relatively higher rates in temperature increase (about 0.5 and 0.4°C per
decade over 1984-2016 respectively). Trends calculated over the longest available period of
each region show contrasted differences in the more recent period. In particular, Region I and
Region 1V indicate some slowdown in temperature trend in the last three decades compared to
trends over 1964-2016 and 1976-2016 respectively. Similar temporal behaviour is reported in
parts of the Mediterranean region in Spain for example (Gonzalez-Hidalgo et al., 2016;
Vincente-Serrano et al., 2017) especially in the cold season. This has been linked to cold
temperatures in the Eastern Pacific region (Kosaka and Xie, 2013). A slowdown is also
witnessed by the decreasing trends of cold events in all the regions and in most of the stations.
In contrast, Region Il shows relatively higher warming rate in the recent period reflected
mainly by warm days and nights. Despite the quasi-general accelerating rate of increase in
warm extremes depicted during the last 30 years, the decreasing trends of cold days and nights

show higher magnitudes when considering all the available periods in each region. This
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narrowing of the temperature distributions have also been pointed out by Donalt et al. (2014)
based on station temperature trends across the Arab region. Similarly, Donat and Alexander
(2012) highlighted changes toward smaller variance of the temperature distributions in the
northern hemisphere extra-tropics during the past 60 years.

Many studies have shown changes in extreme events of temperature consistent with the
detected warming trends, specifically a decline in the number of cold days and cold wave days
and an increase in the number of hot days and of heat wave days (Boris and Seneviratne,
2012; IPCC, 2012; Cohen et al., 2014; Donat and al., 2014, Driouech, 2010 & 2017). The
increase in extremes including hot temperature events in the mid-latitudes (20N-50N), over
the last decades seems to be dynamically linked to the rapid arctic amplification (consisting in
enhanced Arctic warming relative to that in mid-latitudes) through three potential pathways:
changes in storm tracks, the jet stream, and planetary waves and their associated energy
propagation (Francis and Vavrus, 2012; Cohen et al., 2014; Walsh, 2014; Francis and Skific,
2015). The increase of high temperatures events in North-west Africa is attributed at least
partially to anthropogenic climate forcing (Diffenbaugh et al., 2017). Our depicted mean and
extreme temperature trends are also consistent with the observed global warming reported in
the IPCC reports including the recent ones (IPCC, 2018; IPCC, 2019).

In order to examine how the increase in Moroccan mean temperature compares with the global
warming, we calculated the trend of the global mean temperature using the annual mean
temperature anomalies from CRUTEM4 time series (Brohan et al., 2006). Based on annual
trends for the period 1984-2016, the results indicate that the rate of increase in Moroccan
regional temperatures is higher than the global warming with about 8% to more than 40%,
especially over the northern half of the country. Region IV shows smaller rate by 5%. The
country-wide trend of mean temperature exceeds the global trend by about 11%. Higher
observed rates of climate change compared to the global scale have also been found in the
Mediterranean region by Cramer et al., (2018). Moreover, comparison between temperatures
trends in Spain and the northern hemisphere, showed 50% higher increase in this

Mediterranean country (Bladé and Castro-Diez, 2010).
3.3. Precipitation based indices

The temporal evolution of precipitation indices along with their trends and significance are

shown in Figure 2 and Table 3. Both precipitation anomaly (NCMP2) and the standardized
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precipitation index (NCMP3) at the country scale show small positive trends that are not
statistically significant over the last three decades (1984-2016) (Figure 2 b and c).

At the regional scale, trends in NCMP2 and NCMP3 exhibit similar patterns over the same
period except for region 1V (South) where the trend of NCMP2 is negative but also not
statistically significant (Table 3). Trends computed over the whole available record at each
climate region, show decreasing evolution in NCMP2 and NCMP3 at regions with long data
records (i.e. Region | 53 years and Region Il; 57 years) (Table 3 and Figure S2). At individual
sites, almost 2/3 of the stations indicate downward trends in both precipitation anomaly
(NCMP2) and drought index SPI (NCMP3) however trends are not statistically significant at
5% level except in stations of Meknes #18 and Oujda (map Figure 2b).

The negative trends depicted in NCMP2 and NCMP3 over the last 50 to 60 years when using
longer records, are consistent with the large-scale decreasing precipitation tendencies found in
the Mediterranean and the Maghreb since the early 1900s (Fraedrich et al. (2001); Born et al.
2008; Hoerling et al., 2012). Drying trend across North Africa has also been highlighted by a
more recent study done by Seager et al. (2019) over the period 1901-2016. The authors
concluded that such evolution would not have arisen from internal climate variability alone

and that external forcing has made an important contribution.

3.4. Standardised precipitation-evapotranspiration index

Analysis of the SPEI at the national scale for the period 1984-2016 exhibits a decreasing
tendency (Figure 4, Table 3) in contrast to the positive trends depicted using precipitation-
based indices (i.e. the annual mean precipitation and the SPI). The trends of this drought index
is however not statistically significant for such period. Regional trends show similar results
particularly for Region I, Region Il and Region Ill. Negative and statistically significant trends
in the SPEI are found for the longer periods (50 to 60 years), which was not the case for the
precipitation based drought index (SPI). This shows the role of temperatures increase in
drought intensification through its effect on evapotranspiration especially in the context of
warming climate. This effect is also discernable when considering the recent period (1984-
2016) (Table 3). In fact, the SPEI takes into account the sensitivity to changes in evaporative
demand, remediating to one of the main limitations of SPI (Vicente-Serrano et al., 2010;
2015).
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The influence of the warming conditions can also be seen at individual stations (Figure 4, right
panel) where the number of negative and statistically significant SPEI trends has increased
(compared to SPI) particularly in the northern half of the country (i.e. Tangiers, Oujda,
Meknes, Taza, Benimellal, Marrakech, Tan Tan). Many positive trends in SPI are found
negative when using SPEI (i.e. Tetouan, Larach, Sidi Slimane, Ouarzazate, Errachidia,
Bouarfa, TanTan, Dakhla), which further strengthen our findings on the observed tendency
towards drying climate in Morocco. We also note the increase in the strength of negative
trends and the decrease in the values of positive trends with SPEI at most of the stations
compared to SPI. The above conclusions have been also examined in stations with different
periods for precipitation and temperature (i.e. Casablanca, Rabat, Taza, Kenitra, Tan Tan,
Tetouan, Dakhla) on a common period for SPI and SPEI. The effect of temperature increase
on drought has also been confirmed at station level over the recent period (1984-2016) (see
Table S3)

The drying trends depicted here for the period 1960-2016, using SPEI, is in agreement with
the results of other studies that assessed drought evolution at the global scale based on drought
or aridity indices that consider both precipitation and evapotranspiration. For example, Greve
et al., (2014), highlighted a significant change towards drier conditions at the gridded pixels
located in Moroccan highlands of the northwest of the country. Increase in drought
(frequency, duration, and severity) have also been depicted over the period 1951-2010 by
Spinoni et al. (2014).

The causes of detected change toward drier conditions in the Mediterranean region have been
investigated by different studies including those summarized in the IPCC assessment reports.
For instance, the IPCC Special Report on Climate Change and Land (IPCC, 2018) stated that
enhanced greenhouse forcing contributed to increased drying in the Mediterranean region,
including Southern Europe, Northern Africa and the Near-East. The report stated that this
tendency will continue to increase under higher levels of global warming. A special focus
should be devoted, in a dedicated study, to the attribution of the recent past changes in the
Moroccan climate including potential connections with changes in sea surface temperature
(Hoerling et al., 2012) and the role of land-atmosphere feedbacks in dry extremes (Lorenz et
al., 2016).

3.5.0n the link between NCMPs and the NAO
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The NAO is responsible for most of the climate variability in the North Atlantic, influencing
the direction and the intensity of the westerlies and the location of the anticyclones (Hurrell,
1995; Wanner et al., 2001). Several studies highlighted significant correlations between NAO
indices and Moroccan precipitation (EI Hamly and al., 1997, 1998; Ward and al., 1999;
Knippertz et al., 2003; Trigo et al., 2004; Driouech et al., 2010; L6pez-Moreno et al., 2011).
The few studies that investigated the influence of NAO on high temperature extremes
suggesting that NAO negative periods are associated with higher maximum temperatures (e.g.
Donat et al, 2014). To date, none of the above studies evaluating the correlations between
NAO and Moroccan climate events used country wide indices neither investigated the whole
set of climate indices represented in Table 2. In this section we evaluate the relationships of
climate extremes in Morocco with large-scale internal variability in the climate system linked
to NAO using the 5 NCMPs, Cdays, Wdays and SPEI (Table 2). We use the Hurrell NAO
index based on the surface sea-level pressure difference between the Subtropical (Azores)
High and the Subpolar Low (NAO; NCEI, 2019). Each of the indices was de-trended before
the correlations (Spearman rank correlation) were calculated. We computed correlations
between NAO index the climate indices (Table 2) at the country scale and at each region for
the common period 1984 to 2016 (Table 4 and Table S2). We also computed correlations at
individual stations over the entire available period of each station (Figure 5). The correlations
over the period covered by most of the stations of each region are also calculated for NCMP2
(Table 4) to assess the dependence on the period.

Correlations at the annual scale are weak and predominantly not statistically significant for
NCMP2, regardless of the targeted period (Table 4 and Figure 5), consistent with the finding
of Filahi et al. (2015) who highlighted a weak relationship with NAO the period 1970-2012.
However, analysis at the seasonal scale shows higher and significant correlations (at 5% level)
especially in Region | during winter, underlying the effect of the North Atlantic circulation on
the Moroccan precipitation, especially in the west of the Atlas Mountains, as demonstrated by
previous studies including a recent study by Raymond et al. (2017). The negative correlations
of NCMP2 with NAO are statistically significant in the two-third of the stations (Figure 5).
The highest correlation scores range between -0.6 and -0.7 (11 stations). Similar results are
exhibited by NCMP3 (SPI). The NAO effect on Moroccan precipitation extends to October —
February period with a similar spatial distribution of correlations and signs as in winter

(December-February) (Table 4 and Figure 5). During the winter season changes in the NAO

This article is protected by copyright. All rights reserved.



phase lead to shifts in the location of the centers of action and in the associated storm tracks
(Trigo, 2006). In particular, the positions of the Azores High and extratropical depressions
determine the flow direction in Morocco, and then the circulation weather types mainly in the
wet season (October to April) (Born et al., 2010). A positive phase of NAO coincides with a
strong Azores High or located in a relatively eastern position is unfavorable to the
precipitation events, mainly in Region | (Knippertz et al., 2003). Conversely, in the negative
phase, significant negative (positive) sea level pressure anomalies are observed in the Azores
high (lceland low) and North Atlantic cyclones move southward favoring precipitation
conditions. The link to NAO may explain the decadal variability signals exhibited by
precipitation based indices in Region | (Figure S2) (Ward et al., 1999; Kinppertz et al., 2003).
The correlations found using NCMP2 and NCMP3 for the remaining regions (Region 11, 111
and V) are also consistent with previous findings highlighting a weaker role of NAO in those
regions (Born et al., 2010).

As found for precipitation, most of the correlations issued from temperature based indices are
weak and statistically not significant at the annual scale (Table S2). The country-wide indices
shows however more significant correlations in winter, especially for the warm nights (Table
S2). Correlations are negative and statistically significant in all regions (Figure 5 and Table
S2) and at nearly all the stations with the most important ranging between -0.6 and -0.7 (at 14
stations) (Figure 5). This result reflects the effect of positive NAO in reducing the number of
warm nights, probably through land-atmosphere energy exchange processes consisting in
enhanced land radiation (longwave) emissions during night time due to reduced clouds. In
fact, the anticyclonic conditions induced by positive NAO are favorable to subsidence of cold
and dry air coming from boreal latitudes bringing low amount of water vapor and non-
saturated air masses which leads to clear sky and absence of precipitation (Raymond et al.,
2017). Opposite but consistent effect of NAO is exhibited by the cold nights (NCMP5) which
show positive correlations (Figure 5) although relatively weaker. The NAO seems to exert, to
a lesser extent, similar influence on day temperature extremes but the correlations remain
weaker and mostly not significant (Table S2). We note that the relationships tend to be
stronger with warm extremes than cool extremes consistently with Donat et al. (2014). The
correlations found here between extreme temperature events and NAO index are consistent
with the accelerated increase in warm extreme events depicted in the last three decades (1984-

2016) compared to the cold events decrease rate (section 3.2). In fact the NAO has been
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dominantly positive in such a period (especially in the 1980s and 1990s) (Delworth et al.,
2016). Nevertheless, we should note that linking the rather complex NAO-NCMP correlations
to the depicted trends here requires further investigation. This is particularly true for SPEI
trend given the differential roles for temperature and precipitation. Additionally, the known
decadal fluctuations of NAO (Delworth et al. 2016) suggest NAO is unlikely to explain the
entire SPEI trend although a contribution (either internal to the atmosphere or externally
forced) is not excluded. This remains a topic for further investigation.

Overall, with the proper setting of the seasonal analysis, the NAO - rainfall correlations were
recovered consistent with the literature. This analysis, undertaken using NCMPs, showed also

the usefulness of calculating the NCMPs at sub-annual scale.

Summary and conclusion

This study examines the evolutions and trends of climate indices (including extreme indices)
in Morocco based on observations of daily maximum and minimum temperature and
precipitation from 30 meteorological stations over the period 1961-2016. Homogeneity checks
of the quality-controlled datasets have been performed before the calculation of the climate
indices. We used 8 climate indices; temperature anomaly, the number of hot and cold days and
nights, precipitation anomaly and two drought indices: SPI and SPEI. Trends have been
evaluated at the country scale, regional and at station levels. Our results show significant
changes in temperature related indices over time suggesting a generalized tendency toward
warmer conditions through both mean and extreme temperature events. Trends in the mean
temperature exhibit a high warming rate exceeding the rate recorded at the global scale,
particularly in the northern half of the country. In terms of extreme temperature, results
indicate evolutions towards more high extreme temperature events and less cold extremes in
both night and daytime. Trends in the precipitation-based indices are predominantly not
statistically significant. Besides, and consistent with the drying evolution depicted by previous
studies in the Mediterranean region, we found significant changes in the drought SPEI index
demonstrating the importance of considering the combined effects of changes in precipitation
and temperature.

We also analysed the relationship between Moroccan climate and large-scale atmospheric
circulation in the Atlantic using NAO index and each of the climate indices (NCMPs) at the

country, regional and station scales. Overall, our results corroborate with the previous findings
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regarding the significant effect of NAO in winter (i.e Ward and al., 1999; Knippertz and al.,
2003; Driouech and al., 2010, Raymond and al. 2017) however, when using precipitation
indices at the regional scale (especially for the region in west of the Atlas Mountains), the
signal was weakened when working with values at country scale. Similar correlation patters
are exhibited by the SPI in winter but limited to the west of the Atlas Mountains region.
Significant correlations are also found with temperature indices, especially in night time. A
positive phase of NAO would increase cold extremes and decrease the warm temperatures.
Though the correlations found here, NAO variability alone is unlikely to explain all the
depicted generalized warming and drying trends and further investigations are required.
Overall, this study provides an updated assessment of observed trends across Morocco and
demonstrates the usefulness of the National Climate Monitoring Products (NCMPs) defined
by the Expert team of the WMO Commission of Climatology on NCMPs to summarize
climatic conditions at a national scale of Morocco although some constraints may emerge
when combining sub-regions with different climate characteristics. Our incorporation of the
SPEI proved useful as an index encompassing the combined effects of temperature and
precipitation, which we propose to include in the list of NCMPs.

Further investigations on sources and mechanisms involved in the observed evolutions of the
above climate indices would further improve our understanding of the climate evolution in
Morocco and in north-west Africa. Additionally, the evaluation of sector-specific indices
should provide insights on the potential effects on socio-economic sectors such as water
resources, agriculture, health and tourism. Sparse weather datasets is one of the constraints of
this analysis, therefore increasing and extending the weather observation network particularly

in the south and the east of the country would provide valuable monitoring data.
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Figure captions

Figure 1. Geographical distribution of stations used in this study and their record lengths. Circles
indicate the location and the name of the station with fill colours showing climate regions they belong
to. The colours of the squares at each station indicate the record length (after homogeneity tests) of the
precipitation, maximum and minimum temperature time series respectively from left to right. White
boxes indicate the series that are truncated after homogeneity check and have less than 30 years (i.e.

Dakhla truncated in at 2004 and Tmax and T min are not considered for AlHoceima station).

Figure 2: Trends in (a) mean annual temperature (NCMP1, °C), (b) annual rainfall anomalies
(NCMP2, %) and (c) standard precipitation index (NCMP3) in Morocco. The left column indicates
trends (per decade) at the national scale (calculated over a common period of 1984-2016) and the right
column (maps) indicates station-based trends (calculated over varying periods of each station from
1960 to 2016). The green/red and brown/blue colours indicate positive and negative trends
respectively. Statistically significant trends at 5% confidence level are represented by solid triangles.

The size of the triangles is proportional to the magnitude of the trend.

Figure 3: Trends in extreme temperature indices over Morocco for (a) warm days (NCMP4), (b)
warm nights (Whnights) (c) cold days and (Cdays) and (d) cold night (NCMPS5). The first column
indicates trends at the national scale over the period 1984-2016 and the second column shows trends
(per decade) at each individual station with varying record lengths from 1960 to 2016. The red and
blue triangles indicate positive and negative trends respectively. Statistically significant trends at 5%
confidence level are represented by solid triangles. The size of the triangles is proportional to the

magnitude of the trend.

Figure 4: Trends in the SPEI at the country scale (left panel) and at individual stations (per decade)
across Morocco (right map). The green and brown colours indicate positive and negative trends
respectively. Statistically significant trends at 5% confidence interval are represented by solid

triangles. The size of the triangles is proportional to the magnitude of the trend.

Figure 5: Correlations between NAO index and climate indices at station level and for winter Dec-
Feb (NCMP2, WNights, CNights and SPEI), Oct-Feb (NCMP2) and annually (NCMP2). Circles
indicate significant correlations at 5% level. Correlations at station level are calculated over the

available period of each station (see Table 1).

This article is protected by copyright. All rights reserved.



References

Aguilar, E., I. Auer, M. Brunet, T. C. Peterson, and J. Wieringa (2003), Guidelines on Climate
Metadata and Homogenization, WCDMP 53, WMO-TD 1186, 55 pp., World Meteorol. Org., Geneva.

Alexander, L. V. (2016). Global observed long-term changes in temperature and precipitation
extremes: a review of progress and limitations in IPCC assessments and beyond. Weather and Climate
Extremes, 11, 4-16.

Alexandersson, H., A Homogeneity Test Applied to Precipitation Data, Journal of Climatology, 6
(1986), 6, pp. 661-675

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration: Guidelines for

computing crop water requirements. FAO Irrigation and Drainage Paper no. 56, Rome

Aruffo, E., & Di Carlo, P. (2019). Homogenization of instrumental time series of air temperature in
Central Italy (1930-2015). Climate Research, 77(3), 193-204.

Barriopedro, D., Fischer, E. M., Luterbacher, J., Trigo, R. M., & Garcia-Herrera, R. (2011). The hot
summer of 2010: redrawing the temperature record map of Europe. Science, 332(6026), 220-224.

Beaulieu, C., Ouarda, T. B. M. J., and Seidou, O.: A review of homogenization techniques for climate

data and their applicability to precipitation series, Hydrol. Sci. J., 52, 18-37, 2007.

Beaulieu, C., Ousmane Seidou, Ouarda, T. B. M. J., Xuebin Zhang, Gilles Boulet, Abderrahmane
Yagouti (2008) Intercomparison of homogenization techniques for precipitation data. WATER
RESOURCES RESEARCH, VOL. 44, W02425, doi:10.1029/2006WR005615, 2008 .

Benassi, M. "Drought and climate change in Morocco. Analysis of precipitation field and water
supply." Options méditerranéennes 80 (2008): 83-87.

This article is protected by copyright. All rights reserved.


https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Seidou%2C+Ousmane
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Zhang%2C+Xuebin
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Boulet%2C+Gilles
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yagouti%2C+Abderrahmane
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yagouti%2C+Abderrahmane

Betts R. A., L. Alfieri, C. Bradshaw, J. Caesar, L. Feyen, P. Friedlingstein, L. Gohar, A. Koutroulis,
K. Lewis, C. Morfopoulos, L. Papadimitriou, K. J. Richardson, I. Tsanis, K. Wyser (2018) Changes in
climate extremes, fresh water availability and vulnerability to food insecurity projected at 1.5°C and
2°C global warming with a higher-resolution global climate model. Phil. Trans.R.Soc.A376:20160452.
http://dx.doi.org/10.1098/rsta.2016.0452

Bolle H.J., 2002: Mediterranean Climate: Variability And Trends. ISBN 978-3540438380, Springer-
Verlag, 320 pp

Boris Orlowsky, Sonia I. Seneviratne (2012) Global changes in extreme events: regional and seasonal
dimension. Climatic Change (2012) 110:669-696 DOI 10.1007/s10584-011-0122-9

Born K., Christoph M., Fink A.H., Knippertz P., Paeth H., Speth P. (2008) Moroccan Climate in
the Present and Future: Combined View from Observational Data and Regional Climate
Scenarios. In: Zereini F., Hotzl H. (eds) Climatic Changes and Water Resources in the Middle
East and North Africa. Environmental Science and Engineering (Environmental Science).

Springer, Berlin, Heidelberg

Born K., Fink A. H., Knippertz P. (2010) Meteorological processes influencing the weather and
climate of Morocco. Atmosphere. In: Speth P., Christoph M., Diekkriiger B. (eds) Impacts of Global
Change on the Hydrological Cycle in West and Northwest Africa. Springer, Berlin, Heidelber

Brohan, P., J. J. Kennedy, I. Harris, S. F. B. Tett, and P. D. Jones, 2006: Uncertainty estimates in
regional and global observed temperature changes: A new data set from 1850.J. Geophys.
Res., 111, D12106, doi:https://doi.org/10.1029/2005JD006548

Brouziyne Y., Abouabdillah A. , Abdelaziz Hirich A., Rachid Bouabid R. , Zaaboul R.,
Benaabidate L. (2018) Modeling sustainable adaptation strategies toward a climate-smart
agriculture in a Mediterranean watershed under projected climate change scenarios. Agricultural
Systems 162 (2018) 154-163.

Caussinus, H., & Mestre, O. (2004). Detection and correction of artificial shifts in climate
series. Journal of the Royal Statistical Society: Series C (Applied Statistics), 53(3), 405-425.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1029%2F2005JD006548

Chang’a, L.B., Kijazi, A.L., Luhunga, P.M., Ng’ongolo, H.K. and Mtongori, H.I. (2017) Spatial and
Temporal Analysis of Rainfall and Temperature Extreme Indices in Tanzania. Atmospheric and
Climate Sciences, 7, 525-539.

Cramer at al. (2018) Climate change and interconnected risks to sustainable development in the
Mediterranean. Nature Climate Change | VOL 8 | NOVEMBER 2018 | 972-980 |

www.nature.com/natureclimatechange.

Cohen J., James A. Screen , Jason C. Furtado , Mathew Barlow3,4, David Whittleston5 , Dim
Coumou®, Jennifer Francis7 , Klaus Dethloff8, Dara Entekhabi5 , James Overland9 and Justin Jonesl
(2014) Recent Arctic amplification and extreme mid-latitude weather. NATURE GEOSCIENCE DOI:
10.1038/NGE02234

Delworth, T. L., Fanrong Zeng, Gabriel A. Vecchi, Xiaosong Yang, Liping Zhang and Rong Zhang
(2016) The North Atlantic Oscillation as a driver of rapid climate change in the Northern Hemisphere.
Nature Geoscience DOI: 10.1038/NGEO2738

Diffenbaugh et al (2017) Quantifying the influence of global warming on unprecedented extreme
climate events Article in Proceedings of the National Academy of Sciences - April 2017 DOI:
10.1073/pnas.1618082114.

Dé6ll, P., Trautmann, T., Gerten, D., Schmied, H. M., Ostberg, S., Saaed, F., & Schleussner, C. F.
(2018). Risks for the global freshwater system at 1.5 C and 2 C global warming. Environmental
Research Letters, 13(4), 044038.

Domonkos, P. (2014). Homogenization of precipitation time series with ACMANT. Theoretical and
applied climatology, 122(1-2), 303-314.

Domonkos, P., & Coll, J. (2017). Homogenisation of temperature and precipitation time series with
ACMANT3: method description and efficiency tests. International Journal of Climatology, 37(4),
1910-1921.

Donat, M. G., Peterson, T. C., Brunet, M., King, A. D., Almazroui, M., Kolli, R. K., Boucherf, D., Al-
Mulla, A. Y., Youssouf Nour, A., Aly, A. A,, Nada, T. A. A,, Al Dashti, H. A., Salhab, T. G., El Fadli,
K. I., Muftah, M. K., Eida, S. D., Badi, W., Driouech, F., El Rhaz, K., Abubaker, M. J. Y., Ghulam, A.
S., Sanhouri Erayah, A., Mansour, M. B., Alabdouli, W. O., and Al Shekaili, M. N.: Changes in

This article is protected by copyright. All rights reserved.


http://www.nature.com/natureclimatechange

extreme temperature and precipitation in the Arab region: long-term trends and variability related to
ENSO and NAO, Int. J. Climatol., 34, 581-592, 2014.

Dosio, A., & Panitz, H. J. (2016). Climate change projections for CORDEX-Africa with COSMO-
CLM regional climate model and differences with the driving global climate models. Climate
Dynamics, 46(5-6), 1599-1625.

Dosio, A., Panitz, H. J., Schubert-Frisius, M., & Lithi, D. (2015). Dynamical downscaling of CMIP5
global circulation models over CORDEX-Africa with COSMO-CLM: evaluation over the present
climate and analysis of the added value. Climate Dynamics, 44(9-10), 2637-2661.

Driouech F., Déqué M., Mokssit A. (2009) Numerical simulation of the probability distribution
function of precipitation over Morocco, Clim. Dyn., 32, 1055-1063. DOI 10.1007/s00382-008-
043106.

Driouech F., Mahe G., Deque M. et al. (2010a) Evaluation d'impacts potentiels de changements
climatiques sur [I'hydrologie du bassin versant de la Moulouya. Global Change: Facing
Risks and Threats to Water Resources. IAHS Pub 340, 2010.

Driouech F., Déqué M., Sanchez-Gémez E. (2010b) Weather regimes—Moroccan precipitation link in
a regional climate change simulation. Glob Planet Change. DOI:10.1016/j.gloplacha.2010.03.004.

Driouech. F., Ben Rached S., Al Hairech T (2013) Climate variability and change in North African
Countries. Chap9, In Climate Change and Food Security in West Asia and North Africa. Mannava
V.K. Sivakumar- Rattan Lal Ramasamy Selvaraju — Ibrahim Hamdan Editors. DOI 10.1007/978-94-
007-6751-5. Springer Dordrecht Heidelberg New York London.

Driouech F. (2017) Changement climatique et sécheresses récurrentes avec focus sur le cas du Maroc.
Acte de la session pléniére solennelle de I’Académie Hassan Il des Sciences et Techniques, 2017 :

Océan et climat, cas du Maroc.

Driouech F., El Rhaz K. (2017) ALADIN-Climate projections for the Arab region. Arab Climate
change assessment report, United Nations Economic and Social Commission for Western Asia
‘ESCWA) et al (2017). Main report. EJIESCWA/SDPD/2017/RICCAR/Report.

El Hamly, M., Sebbari, R., Lamb, P., Ward, M. N., and Portis, D. H.: Towards the seasonal prediction

of Moroccan precipitation and its implications for water resources management, Water Resources

This article is protected by copyright. All rights reserved.



Variability in Africa During the XX Century: Proceeding of the Abidjan 98 Conference, 252. IAHS
Publ, 79-87, 1988

Filahi S, Tanarhte M, Mouhir L, EI Morhit M, Tramblay Y. 2015. Trends in indices of daily
temperature and precipitations extremes in Morocco. Theoretical and Applied Climatology 124(3-4):
959-972. DOI: 10.1007/s00704-015-1472-4.

Fink, A. H., & Knippertz, P. (2003). An extreme precipitation event in southern Morocco in spring
2002 and some hydrological implications. Weather, 58(10), 377-387.

Raymond, F., Ullmann, A., Camberlin, P., Oueslati, B., Drobinski, F. (2017) Atmospheric conditions
and weather regimes associated with extreme winter dry spells over the Mediterranean basin. Clim
Dyn. DOI 10.1007/s00382-017-3884-6

Fischer, E. M., & Knutti, R. (2015). Anthropogenic contribution to global occurrence of heavy-

precipitation and high-temperature extremes. Nature Climate Change, 5(6), 560.

Frich P, Alexander LV, Della-Marta P, Gleason B, Haylock M, Klein Tank AMG, Peterson T. 2002.
Observed coherent changes in climatic extremes during the second half of the 20th Century. Climate
Research 19: 193-212.

Francis J, Vavrus S.J. (2012) Evidence linking Arctic amplification to extreme weather in mid-
latitudes. Geophysical Research Letters, Vol. 39, L06801, doi:10.1029/2012GL051000

Francis J, Skific N. 2015 Evidence linking rapid Arctic warming to mid-latitude weather patterns.Phil.
Trans. R. Soc. A 373: 20140170. http://dx.doi.org/10.1098/rsta.2014.0170

Giorgi, F., Coppola, E., & Raffaele, F. (2014). A consistent picture of the hydroclimatic response to
global warming from multiple indices: Models and observations. Journal of Geophysical Research:
Atmospheres, 119(20), 11-695.

Gonzalez-Hidalgo, J. C., Dhais Pefia-Angulo , Michele Brunetti, Nicola Cortesi (2016) Recent trend
in temperature evolution in Spanish mainland (1951-2010): from warming to hiatus. International
Journal of Climatology. DOI: 10.1002/joc.4519

Greve, P., Orlowsky, B., Mueller, B. et al. Global assessment of trends in wetting and drying over
land. Nature Geosci 7, 716—721 (2014) doi:10.1038/nge02247Global assessment of trends in wetting

This article is protected by copyright. All rights reserved.


https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Pe%C3%B1a-Angulo%2C+Dhais
https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Brunetti%2C+Michele
https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Cortesi%2C+Nicola

and drying over land Peter Greve, Boris Orlowsky , Brigitte Mueller , Justin She-eld , Markus
Reichstein and Sonia I. Seneviratne. NATURE GEOSCIENCE | VOL 7 | OCTOBER 2014 |

Www.nature.com/natu regeoscience.

Hargreaves, G.H., Samani, Z.A., 1985. Reference crop evapotranspiration from temperature. Appl.
Eng. Agric. 1 (2), 96-99.

Hoerling M., Jon Eischeid, Judith Perlwitz, Xiaowei Quan, Tao Zhang, And Philip Pegion (2012) On
the Increased Frequency of Mediterranean Drought. Journal Of Climate. DOI: 10.1175/JCLI-D-11-
00296.1

Hurrell, J. W., 1995: Decadal trends in the North Atlantic Oscillation: Regional temperatures and
precipitation. Science, 269, 676-679, https://doi.org/10.1126/science.269.5224.676.

Hurrell, J. W., Kushnir Y, Ottersen G, Visbeck M (2003) The North Atlantic Oscillation: climate
significance and environmental impact. Geophysical monograph series, vol 134. American

Geophysical Union, Washington, DC

IPCC, 2012: Managing the Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation. A Special Report of Working Groups I and 1l of the Intergovernmental Panel on Climate
Change [Field, C.B., V. Barros, T.F. Stocker, D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J.
Mach, G.-K. Plattner, S.K. Allen, M. Tignor, and P.M. Midgley (eds.)]. Cambridge University Press,
Cambridge, UK, and New York, NY, USA, 582 pp.

IPCC, 2018: Summary for Policymakers. In: Global warming of 1.5°C. An IPCC Special Report on
the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty. World Meteorological Organization,

Geneva, Switzerland, 32 pp.

IPCC, 2019: Summary for Policymakers. In: Climate Change and Land: an IPCC special report on
climate change, desertification, land degradation, sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems [P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-
Delmotte, H.- O. Pdrtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E.
Haughey, S. Luz, S. Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick,
M. Belkacemi, J. Malley, (eds.)]. In press.

This article is protected by copyright. All rights reserved.


http://www.nature.com/naturegeoscience
https://doi.org/10.1126/science.269.5224.676

Kendall, M.G. (1975) Rank Correlation Methods. Charles Griffin, London.

Khomsi, K., Mahe, G., Tramblay, Y., Sinan, M., & Snoussi, M. (2016). Regional impacts of global
change: seasonal trends in extreme rainfall, run-off and temperature in two contrasting regions of
Morocco. Natural Hazards and Earth System Sciences, 16(5), 1079-1090.

Knippertz P., Christoph M. and Speth P., 2003: Long-term precipitation variability in Morocco and the

link to the large-scale circulation in recent and future climates, Metorol. Atmos. Phys., 83, 67-88.

Knippertz P. and JONATHAN E. MARTIN Q. J. R. Meteorol. Soc. (2005), Tropical plumes and
extreme precipitation in subtropical and tropical West Africa. 131, pp. 2337-2365 doi:
10.1256/qj.04.148

Knutti R., J. Rogelj, J. Sedlaéek, E. M. Fischer (2015) A scientific critique of the two-degree climate
change target. NATURE GEOSCIENCE. DOI: 10.1038/NGE0O2595.

Kosaka, Y., and S.-P. Xie (2013), Recent global-warming hiatus tied to equatorial pacific surface
cooling, Nature, 501(7467), 403-407, doi:10.1038/nature12534.

Kristie L. Ebi, Kathryn Bowen (2015) Extreme events as sources of health vulnerability: Drought as

an example.

Linares JC, Camarero JJ (2011) From pattern to process: linking intrinsic water-use efficiency to
drought-induced forest decline. Global Change Biology 18: 1000-1015

Lisa V. Alexander. Global observed long-term changes in temperature and precipitation extremes: A
review of progress and limitations in IPCC assessments and beyond, Weather and Climate Extremes
11 (2016) 4-16

Liu a, Yungiang Wang, Mingan Shao , Xiaoxu Jia, Xuelin Li (2016): Spatiotemporal analysis of
multiscalar drought characteristics across the Loess Plateau of China Zhipeng. Journal of Hydrology
534 (2016) 281-299

Lopez-Moreno, J. 1., Vicente-Serrano, S. M., Moran-Tejeda, E., Lorenzo-Lacruz, J., Kenawy, A., &
Beniston, M. (2011). Effects of the North Atlantic Oscillation (NAQO) on combined temperature 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.

This article is protected by copyright. All rights reserved.



Lorenz, R., et al. (2016), Influence of land-atmosphere feedbacks on temperature and precipitation
extremes in the GLACE-CMIP5 ensemble, J. Geophys. Res. Atmos., 121, 607-623,
doi:10.1002/2015JD024053

Luhunga, P., Mutayoba, E. and Ng’ongolo, H. (2014) Homogeneity of Monthly Mean Air
Temperature of the United Republic of Tanzania with HOMER. Atmospheric and Climate Sciences, 4,
70-77. https://doi.org/10.4236/acs.2014.41010

Mann, H.B. (1945) Non-Parametric Tests against Trend. Econometrica, 13, 245-259.
https://doi.org/10.2307/1907187

Marchane A., Y. Tramblay, L. Hanich, D. Ruelland, L. Jarlan (2017) Climate change impacts on
surface water resources in the Rheraya catchment (High Atlas, Morocco), Hydrological Sciences
Journal, 62:6, 979-995, DOI: 10.1080/02626667.2017.1283042

Mariotti A., Zeng N., Lau K.-M., 2002: Euro-Mediterranean rainfall and ENSO- a seasonally varying
relationship. Geophysical research letters, 29, 59-1:59-4.

Martinez-Villalta J, Lopez BC, Adell N, Badiella L, Ninyerola M (2008) Twentieth century increase
of Scots pine radial growth in NE Spain shows strong climate interactions. Global Change Biology 14:
2868-2881.

Martin-Vide J. Lopez-Bustins JA. 2006. The Western Mediterranean Oscillation and Iberian Peninsula
Rainfall. International Journal of Climatology 26: 1455-1475.

Molinié G., Déqué M., Coppola E., Blanchet J., Neppel L. (2016) Heavy precipitation in the
Mediterranean basin Observed trends, future projections. The Mediterranean Region under Climate
Change. A Scientific Update. IRD Editions, 2016, 736p. ISBN: 978-2-7099-2219-7

Won-Ho Nam, Michael J. Hayes, Mark D. Svoboda, Tsegaye Tadessea, Donald A. Wilhite (2015)
Drought hazard assessment in the context of climate change for South Korea. Agricultural Water
Management 160 (2015) 106-117

NCEI Climate Monitorin Section provided NAO Index Data. Accessed 1 December 2019

Niang, 1., O.C. Ruppel, M.A. Abdrabo, A. Essel, C. Lennard, J. Padgham, and P. Urquhart, 2014:
Africa. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects.

This article is protected by copyright. All rights reserved.


https://doi.org/10.4236/acs.2014.41010

Contribution of Working Group 11 to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change [Barros, V.R., C.B. Field, D.J. Dokken, M.D. Mastrandrea, K.J. Mach, T.E. Bilir, M.
Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken,
P.R. Mastrandrea, and L.L.White (eds.)]. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, pp. 1199-1265.

Nicholson, S. E., & Kim, J. (1997). The relationship of the El Nifio—Southern oscillation to African
rainfall. International Journal of Climatology: A Journal of the Royal Meteorological Society, 17(2),
117-135.

Palmer, W. C., 1965: Meteorological droughts. U.S. Department of Commerce Weather Bureau
Research Paper 45, 58 pp

Paulo, A.A., Rosa, R.D. and Pereira, L.S. (2012): Climate trends and behaviour of drought indices
based on precipitation and evapotranspiration in Portugal. Natural Hazards and Earth System Sciences,
12:1481-1491.

Peterson TC. 2005. Climate change indices. WMO Bulletin 54; 83-86.

Peterson TC, Zhang X, Brunet-India M, Vazquez-Aguirre JL. 2008. = Changes in North American
extremes derived from daily weather data. Journal of Geophysical Research-Atmospheres 113:
D07113. DOI: 10.1029/2007JD009453

Platon S., Driouech F., El Rhaz K., Lionello P. (2016) The climate of the Mediterranean regions in the
future climate projections. P83-P91 In. The Mediterranean Region under Climate Change. A scientific
Update. IRD Editions, 2016, 736p. ISBN: 978-2-7099-2219-7

Polade S. D., A. Gershunov, D. R. Cayan, M. D. Dettinger, D. W. Pierce (2017) Precipitation in a
warming world: Assessing projected hydro-climate changes in California and other Mediterranean
climate regions. Scientific Reports 7: 10783. DOI:10.1038/s41598-017-11285-y.

Raymond, F., Ullmann A., Camberlin P., Oueslati B., Drobinski P. (2017) Atmospheric conditions
and weather regimes associated with extreme winter dry spells over the Mediterranean basin. Clim
Dyn DOI 10.1007/s00382-017-3884-6

This article is protected by copyright. All rights reserved.


https://www.nature.com/articles/s41598-017-11285-y#auth-1
https://www.nature.com/articles/s41598-017-11285-y#auth-2
https://www.nature.com/articles/s41598-017-11285-y#auth-3
https://www.nature.com/articles/s41598-017-11285-y#auth-4
https://www.nature.com/articles/s41598-017-11285-y#auth-5

Saidi, M. E. M., Daoudi, L., Aresmouk, M. E. H., and Blali, A.: Réle du milieu physique dans
I’amplification des crues en milieu montagne montagnard: exemple de la crue du 17 ao(t 1995 dans la
vallée de I’Ourika (Haut-Atlas, Maroc), Sécheresse, 14, 1-8, 2003.

Schewe, J., Heinke, J., Gerten, D., Haddeland, I., Arnell, N. W., Clark, D. B., ... & Gosling, S. N.
(2014). Multimodel assessment of water scarcity under climate change. Proceedings of the National
Academy of Sciences, 111(9), 3245-3250.

Seager, R., Osborn, T. J. , Kushnir, Y., Simpson, I. R., Nakamura, J., Liu, H. (2019) Climate
Variability and Change of Mediterranean-Type Climates. AMS. DOI: 10.1175/JCLI-D-18-0472.1

Sen, P.K. (1968) Estimates of the Regression Coefficient Based on Kendall’s Tau. Journal of the
American Statistical Association, 63, 1379-1389. https://doi.org/10.1080/01621459.1968.10480934.

Sippel S. , Zscheischler J. , Heimann M. , Lange H. , Mahecha M.D. , Oldenborgh G. , Otto F. ,
Reichstein M. (2017) Have precipitation extremes and annual totals been increasing in the world’s dry
regions over the last 60 years?. Hydrol. Earth Syst. Sci., 21, 441-458, 2017.

Spinoni J., Gustavo Naumann ; Hugo Carrao ; Paulo Barbosa ; Jirgen Vogt (2014) World drought
frequency, duration, and severity for 1951-2010. International Journal of Climatology
https://doi.org/10.1002/joc.3875

Chunping Tan C., Jianping Yang, and Man Li Atmosphere (2015) Temporal-Spatial Variation of
Drought Indicated by SPI and SPEI in Ningxia Hui Autonomous Region, China Atmosphere 2015, 6,
1399-1421; doi:10.3390/atm0s6101399

Tang, T., Shindell, D., Samset, B., Boucher, O., Forster, P., Hodnebrog, ., et al. (2018). Dynamical
response of Mediterranean precipitation to greenhouse gases and aerosols. Atmospheric Chemistry and
Physics, 18, 8439-8452. doi:10.5194/acp-18-8439-2018.

Tramblay Y, EI Adlouni S, Servat E (2013) Trends and variability in extreme precipitation indices
over North Africa. Nat Hazards Earth Syst Sci 13:3235-3248

Tramblay, Y., Badi, W., Driouech, F., El Adlouni, S., Neppel, L., & Servat, E. (2012). Climate change

impacts on extreme precipitation in Morocco. Global and Planetary Change, 82, 104-114. Tramblay,

This article is protected by copyright. All rights reserved.


https://journals.ametsoc.org/author/Seager%2C+Richard
https://journals.ametsoc.org/author/Osborn%2C+Timothy+J
https://journals.ametsoc.org/author/Kushnir%2C+Yochanan
https://journals.ametsoc.org/author/Simpson%2C+Isla+R
https://journals.ametsoc.org/author/Nakamura%2C+Jennifer
https://journals.ametsoc.org/author/Liu%2C+Haibo
https://doi.org/10.1080/01621459.1968.10480934
https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Spinoni%2C+Jonathan
https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Naumann%2C+Gustavo
https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Carrao%2C+Hugo
https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Barbosa%2C+Paulo
https://rmets.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Vogt%2C+J%C3%BCrgen
https://doi.org/10.1002/joc.3875

Yves, et al. "Climate change impacts on extreme precipitation in Morocco.” Global and Planetary
Change 82 (2012): 104-114.

Trigo, R. M., Pozo-Véazquez, D., Osborn, T. J, Castro- Diez, Y., Gamiz- Fortis, S., & Esteban-
Parra, M. J. (2004). North Atlantic Oscillation influence on precipitation, river flow and water
resources in the Iberian Peninsula. International Journal of Climatology: A Journal of the Royal
Meteorological Society, 24(8), 925-944.

Venema, V.K.C., Mestre, O., Aguilar, E., Auer, I., Guijarro, J.A., Domonkos, P., Vertacnik, G.,
Szentimrey, T., Stepanek, P., Zahradnicek, P., Viarre, J., Miller-Westermeier, G., Lakatos, M.,
Williams, C.N., Menne, M.J., Lindau, R., Rasol, D., Rustemeier, E., Kolokythas, K., Marinova, T.,
Andresen, L., Acquaotta, F., Fratianni, S., Cheval, S., Klancar, M., Brunetti, M., Gruber, C., Prohom
Duran, M., Likso, T., Esteban, P., Brandsma, T., 2012. Benchmarking homogenization algorithms for
monthly data. Clim. Past 8 (1), 89-115.

Verner, D., Treguer, D., Redwood, J., Christensen, J., McDonnell, R., Elbert, C., ... & Belghazi, S.
(2018). Climate Variability, Drought, and Drought Management in Morocco's Agricultural Sector.

Verner, Dorte, et al. "Climate Variability, Drought, and Drought Management in Morocco's
Agricultural Sector.” (2018).

Vicente-Serrano S.M., Santiago Begueria, Juan . Lopez-Moreno, (2010) A Multi-scalar drought index
sensitive to global warming: The Standardized Precipitation Evapotranspiration Index - SPEI. Journal
of Climate 23: 1696-1718.

Vicente-Serrano, S.M., Gerard Van der Schrier, Santiago Begueria, Cesar Azorin-Molina, Juan-I.
Lopez-Moreno (2015). Contribution of precipitation and reference evapotranspiration to drought

indices under different climates. Journal of Hydrology 426: 42-54.

Vicente-Serrano, S.M., Begueria, S., (2016) Comment on "Candidate Distributions for Climatological
Drought Indices (SPI and SPEI)" by James H. Stagge et al. International Journal of Climatology.36:
2120-213

Vincent, L.A., et al. (2005) Observed Trends in Indices of Daily Temperature Extremes in South
America 1960-2000. Journal of Climate, 18, 5011-5023. https://doi.org/10.1175/JCL13589.1

This article is protected by copyright. All rights reserved.


https://doi.org/10.1175/JCLI3589.1

Wanders, N., & Wada, Y. (2015). Human and climate impacts on the 21st century hydrological
drought. Journal of Hydrology, 526, 208-220.

Wang, X. L., 2008: Penalized maximal F-test for detecting undocumented mean-shifts without trend-
change. J. Atmos. Oceanic Tech., 25 (No. 3), 368-384. DOI:10.1175/2007/JTECHA982.1.

Wang XL, Feng Y. 2009. RHtestsV3 user manual, report, 26 pp, Clim. Res. Div., Atmos. Sci. and
Technol. Dir., Sci. and Technol. Branch, Environ. Canada, Gatineau, Quebec, Canada. Available at

http://cccma.seos.uvic.ca/ETCCDI/software.shtml.

Ward MN, Lamb PJ, Portis DH, EI Hamly M, Sebbari R (1999) Climate Variability in Northern
Africa: Understanding Droughts in the Sahel and the Maghreb. In: Navarra A (ed) Beyond El Nifio:
Decadal and Interdecadal Climate Variability. Springer Verlag, Berlin, pp 119-140

Walsh, John E., Intensified warming of the Arctic: Causes and impacts on middle latitudes, Global and
Planetary Change (2014), doi: 10.1016/j.gloplacha.2014.03.00

World Meteorological Organization (2017a) WMO Guidelines on Generating a Defined Set of
National Climate Monitoring Products (WMO-No. 1204). Geneva

World Meteorological Organization (2017b) WMO Statement on the State of the Global Climate in
2016. WMO-No. 1189

World Meteorological Organization (2017¢) WMO Guidelines on the Calculation of Climate Normals
(WMO-No. 1203). Geneva

Wijngaard, J. B., Klein Tank, A. M. G., and Kdnnen, G. P. (2003). Homogeneity of 20th century
European daily temperature and precipitation series. Int. J. Climatol. 23, 679-692. doi:
10.1002/joc.906

WMO Statement on the status of the global climate in 2015 (2016). WMO- No. 1167. ISBN (978-92-
63-11167-8

WMO Guidelines on Generating a Defined Set of National Climate Monitoring Products (2017a).
WMO-No. 1204. ISBN 978-92-63-11204-0

WMO Statement on the State of the Global Climate in 2016 (2017b). WMO-No. 1189. ISBN 978-92-
63-11189-0

This article is protected by copyright. All rights reserved.



ET-NCMP (2018) R-NCMPs User Manual. Expert Team on National Climate Monitoring Products
Version 1.0.2 May 31, 2018.

Xoplaki, E., Ricardo M. Trigo, Ricardo Garcia-Herrera, David Barriopedro, Fabio D’Andrea, Erich M.
Fischer, Luis Gimeno, Celia Gouveia, Emilio Hernandez, Franz G. Kuglitsch, Annarita Mariotti,
Raquel Nieto, Joaquim G. Pinto, David Pozo-Véazquez, Hadas Saaroni, Andrea Toreti, Isabel F. Trigo,
Sergio M. Vicente-Serrano, Pascal Yiou, Baruch Ziv (2012): Large-Scale Atmospheric Circulation
Driving Extreme Climate Events in the Mediterranean and its Related Impacts. In The Climate of the

Mediterranean Region. P. Lionello (Ed.) Elsevier.

Zhang X, Alexander LV, Hegerl GC, Jones P, Klein Tank A, Peterson TC, Trewin B, Zwiers FW.
2011. Indices for monitoring changes in extremes based on daily temperature and precipitation data.
WIREs Climate Change 2(6): 851-870. DOI: 10.1002/wcc.147

Zhang X, Aguilar E, Sensoy S, Melkonyan H, Tagiyeva U, Ahmed N, Kutaladze N, Rahimzadeh F,
Taghipour A, Hantosh TH, Albert P, Semawi M, Ali MK, Al-Shabibi MHS, Al-Oulan Z, Zatari T,
Khelet IA, Hamoud S, Sagir R, Demircan M, Eken M, Adiguzel M, Alexander L, Peterson TC, Wallis
T. (2005). Trends in Middle East climate extreme indices from 1950 to 2003. Journal of Geophysical
Research-Atmospheres 110: D22104. DOI: 10.1029/2005jd006181

Zhang X, Vincent L.A., Hogg W.D., A. (2000) Temperature and precipitation trends in Canada during
the 20th century, Atmosphere-Ocean, 38:3, 395-429, DOI: 10.1080/07055900.2000.9649654

Zhang, X., Yang F. 2004. RClimDex (1.0) wuser manual. (Available at
http://cccma.seos.uvic.ca/ETCCDMI/software.shtml).

Schilling, J., Hertig, E., Tramblay, Y. et al. Climate change vulnerability, water resources and social
implications in North Africa. Reg Environ Change 20, 15 (2020). https://doi.org/10.1007/s10113-020-
01597-7.

iffenbaugh NS, Giorgi F (2012) Climate change hotspots in the CMIP5 global climate model
ensemble. Clim Chang 114:813-822.

This article is protected by copyright. All rights reserved.


http://cccma.seos.uvic.ca/ETCCDMI/software.shtml
https://doi.org/10.1007/s10113-020-01597-7
https://doi.org/10.1007/s10113-020-01597-7

Station Station e Maximum Minimum Climate
Precipitation

# name Temperature Temperature Region
1 Agadir 1960-2016 1960-2016 1960-2016 Region |
2 Béni Mellal 1970-2016 1970-2016 1970-2016 Region |
3 Bouarfa 1981-2016 1981-2016 1981-2016 Region Il
4 Casablanca 1960-2016 1960-2016 1971-2016 Region |
5 Dakhla 1980-2016 1980-2004 1980-2016 Region IV
6 ElHoceima 1964-2016 e e Region |
7 Elladida 1981-2016 1981-2016 1981-2016 Region |
Q) 8 Er-Rachidia 1973-2016 1973-2016 1973-2016 Region Il
9 Essaouira 1960-2016 1960-2016 1960-2016 Region |
ﬁ 10 Fes 1961-2016 1961-2016 1961-2016 Region |
o 11 Ifrane 1960-2016 1960-2016 1960-2016 Region |
12 Kasba-Tadla  1983-2016 1983-2016 1983-2016 Region |
e M 13 Kenitra 1960-2016 1960-2016 1964-2016 Region |
H 14 Khouribga 1984-2016 1984-2016 1984-2016 Region |
H 15 Laayoun 1976-2016 1976-2016 1976-2016 Region IV
16 Larache 1962-2016 1962-2016 1962-2016 Region |
17 Marrakech 1961-2016 1961-2016 1961-2016 Region |
18 Meknes 1960-2016 1960-2016 1960-2016 Region |
19 Midelt 1960-2016 1960-2016 1960-2016 Region |
@ 20 Nouasser 1970-2016 1970-2016 1970-2016 Region |
21 Ouarzazate 1960-2016 1960-2016 1960-2016 Region llI
Q) 22 Oujda 1960-2016 1960-2016 1960-2016 Region Il
23 Rabat 1961-2016 1974-2016 1961-2016 Region |
H 24 safi 1960-2016 1960-2016 1960-2016 Region |
25  Sidi Ifni 1975-2016 1975-2016 1975-2016 Region IV
Q 26 SidiSlimane  1980-2016 1980-2016 1980-2016 Region |
q) 27 Tanger 1960-2016 1960-2016 1960-2016 Region |
28 Tan-Tan 1975-2016 1978-2016 1978-2016 Region IV
O 29 Taza 1960-2016 1960-2016 1967-2016 Region |
O 30 Tétouan 1963-2016 1963-2016 1968-2016 Region |
< Table 1: Periods covered by each of the time series of the 30 stations used after homogeneity
tests. Climate region corresponding to each station are indicated in column 5 based on

Knippertz et al., (2003) classification.

Index Index name Definition Unit

NCMP1 Mean temperature The mean temperature anomaly for each year (or month in case °C
of monthly scale) averaged across the country (or region) for the
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anomaly

national (or regional) scale.

NCMP2

Rainfall anomaly

Annual (or monthly in case of monthly scale) total precipitation
anomaly (normalized), calculated as a simple difference from
the base-period average, expressed as a percentage of the base-
period average. The values are averaged across the country (or
region) for the national (or regional) scale.

%

NCMP 3

Standardized
precipitation index (SPI)

It is a percentile-based measure of the standardized rainfall
anomaly for each year (or month in case of monthly scale)
averaged across the country (or region) for the national (or
regional) scale.

no
unit

NCMP 4

Warm days index
(percentage of days)

It is a measure of the percentage of days in year (or month in
case of monthly scale) that exceeded the ninetieth percentile of
the base-period distribution for maximum temperatures for the
day averaged across the country (or region) for the national (or
regional) scale.

%

NCMP 5

Cold nights index
(percentage of days)

it is a measure of the percentage of days in each year (or month
in case of monthly scale) that fall below the tenth percentile of
the base-period distribution of minimum temperatures for the
day averaged across the country (or region) for the national (or
regional) scale.

%

CDays

Cold days index
(percentage of days)

it is a measure of the percentage of days in each year (or month
in case of monthly scale) that fall below the tenth percentile of
the base-period distribution of maximum temperatures for the
day averaged across the country (or region) for the national (or
regional) scale.

%

WNights

Warm nights index
(percentage of days)

It is a measure of the percentage of days in year (or month in
case of monthly scale) that exceeded the ninetieth percentile of
the base-period distribution for minimum temperatures for the
day averaged across the country (or region) for the national (or
regional) scale.

%

SPEI

Standardized
precipitation-
evapotranspiration index
(SPEI)

It is a percentile-based measure calculated using the difference
between precipitation and reference evapotranspiration. For
each year (or month in case of monthly scale), the SPEI values
are averaged across the country (or region) for the national (or
regional) scale.

no
unit

This article is protected by copyright. All rights reserved.



Table 2: List of the NCMPs used in this study and their corresponding definitions (rows 2 to 5).
We also included cold days, warm nights and the SPEI index to the analysis (rows 6 to 8).
Anomalies and the thresholds (90th percentiles) are calculated over the base period 1981-2010 as
recommended by the WMO Guideline for NCMPs (WMO, 2017a).

Spatial | Country . . Region .
Region | Region 11 Region IV
scale scale 11
Period 1984- 1984- | 1964- | 1984- | 1960- | 1984- 1984- | 1976-
erio
Indices 2016 2016 | 2016 | 2016 | 2016 | 2016 2016 | 2016
NCMP 1: Mean Temperature 0.33 032 | 039 |053 |0.46 0.41 0.28 | 0.32
Anomaly (°C decade™)

NCMP 2: Total Precipitation
Anomaly (% decade™)

NCMP 3: Standardised

Precipitation Index (no unit)

NCMP 4: Percentage of Warm
Days (% decade™)

NCMP 5: Percentage of Cold
Nights (% decade™)

WNights: Percentage of Warm
Nights (% decade™)

CDays: Percentage of Cold
Days (% decade™)

Accepted Article

SPEI : Standardised
precipitation-
evapotranspiration Index (no

unit)
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Table 3: Trends of the climate indices in Morocco. Trends are computed over the period
1984-2016 at the country and regional scales and over 1960-2016, 1964-2016 and 1976-2016
at regional scale depending on the region. Blue and red shades indicate positive and negative
trends respectively. Statistically significant trends at 5% confidence level are in bold. See

pvalues in the supplementary material (Table S1).

Year
DJF ONDIJF
Pvalue
Correlation | Pvalue | Correlation | Pvalue | Correlation

National (1984-2016) 0.03
-0.3 0.09 -0.31 0.08 -0.38

Region | (1984-2016) 0.23
-0.58 0 -0.55 0 -0.21

Region | (1964-2016) 0.38
-0.54 0 -0.43 0 -0.12

Region I (1984-2016) 0.81
-0.28 0.12 -0.29 0.1 -0.04

Region Il (1960-2016) 0.08
-0.07 0.63 -0.09 0.51 -0.24

Region Il (1984-2016) 0.47
-0.1 0.6 -0.06 0.75 -0.13

Region IV (1984-2016) 0.15
-0.25 0.17 -0.3 0.1 -0.25

Region IV (1976-2016) 0.12
-0.16 0.33 -0.29 0.07 -0.25

Table 4: Correlations between NAO index and NCMP2 (precipitation anomaly) at the country and
regional scales and the corresponding pvalues for winter DJF (first two columns), ONDJF (second
two columns) and the annual period (last two columns). Significant correlations at 5% level are shown
in bold.
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Figure 1: Geographical distribution of stations used in this study and their record lengths.
Circles indicate the location and the name of the station with fill colours showing climate
regions they belong to. The colours of the squares at each station indicate the record length
(after homogeneity tests) of the precipitation, maximum and minimum temperature time
series respectively from left to right. White boxes indicate the series that are truncated after
homogeneity check and have less than 30 years (i.e. Dakhla truncated in at 2004 and Tmax
and T min are not considered for AlHoceima station)
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Figure 2: Trends in (a) mean annual temperature (NCMP1, °C), (b) annual rainfall anomalies (NCMP2, %) and (c) standard precipitation
index (NCMP3) in Morocco. The left column indicates trends (per decade) at the national scale (calculated over a common period of
1984-2016) and the right column (maps) indicates station-based trends (calculated over varying periods of each station from 1960 to
2016). The green/red and brown/blue colours indicate positive and negative trends respectively. Statistically significant trends at 5%

confidence level are represented by solid triangles ' THE§i2&GT'tHE trraTa1ES 18 proP6tional to the magnitude of the trend.
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Figure 3: Trends in extreme temperature indices over Morocco for (a) warm days (NCMP4), (b) warm nights (Wnights) (c) cold days and (Cdays) and (d)
cold night (NCMP5). The first column indicates trends at the national scale over the period 1984-2016 and the second column shows trends (per decade) at
each individual station with varying record lengths from 1960 to 2016. The red and blue triangles indicate positive and negative trends respectively.
Statistically significant trends at 5% confidence level arerrgprasentediRy.saliddsiangles: Jhe size af the triangles is proportional to the magnitude of the

trend.
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Figure 5: Correlations between NAO index and climate indices at station level and for winter Dec-Feb (NCMP2, WNights, CNights
and SPEI), Oct-Feb (NCMP2) and annually (NCMP2priediegdiselrsdtecsiyrificat cavbatativns at 5% level. Correlations at station level

g
are calculated over the available period of each station (see Table 1).
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Figure 4: Trends in the SPEI at the country scale (left panel) and at individual stations (per decade)
across Morocco (right map). The green and brown colours indicate positive and negative trends
respectively. Statistically significant trends at 5% confidence interval are represented by solid triangles.
The size of the triangles is proportional to the magnitude of the trend.
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