
 

Impact of climate change on variations in groundwater storage 
in the Saïss aquifer (Northern Morocco) 

Chaymae Tsouli 1,2*, Anass Aynaou1,2, Nordine Nouayti1,2, Driss Khattach3 and Abderahim Nouayti4 

1 Laboratory of Spectroscopy, Molecular Modeling, Materials, Nanomaterials, Water and Environment (LS3MN2E), Faculty of 

Sciences, Rabat, Morocco. 
2 Environmental Management and Civil Engineering Team, Engineering Sciences and Applications Laboratory (LSIA), National 

School of Applied Sciences, Abdelmalek Essaadi University, Al Hoceima, Morocco.  
3 Laboratory of Applied Sciences, Mohammed 1st University, Oujda, Morocco. 
4 Laboratory of Geophysics and Natural Hazards, Scientific Institute, Rabat, Morocco. 

Abstract. This study examines the influence of rainfall intensity and drought regimes on groundwater 

levels in the Sais aquifer, located in a semi-arid region of Morocco. Using satellite-derived datasets and the 

Innovative Trend Analysis (ITA) method, the research analyses groundwater storage (GWS) trends, 

providing a robust approach to detect long-term changes compared to the Mann-Kendall test. The study 

employs Gravity Recovery and Climate Experiment (GRACE) gridded data to estimate groundwater 

fluctuations and assess time series trends in equivalent water thickness (EWT) and soil moisture. Results 

indicate a significant decline in groundwater levels, with 40% of monitoring sites showing a substantial 

downward trend and 60% experiencing pronounced declines. The estimated maximum groundwater storage 

loss is -0.244 cm/yr⁻¹. These findings highlight the adverse effects of overexploitation and inefficient 

irrigation. While the study’s reliance on satellite data provides valuable information, it may overlook 

localized variations, and GRACE data may be less accurate in areas with complex geological features. 

Despite these limitations, the research informs water management strategies to mitigate groundwater 

depletion. The novelty of this study lies in the use of the ITA technique to enhance trend detection accuracy 

and support sustainable groundwater management in vulnerable regions such as the Sais aquifer. 

Keywords: Groundwater levels, rainfall intensity, drought regimes, Sais aquifer, Innovative Trend Test 

(ITA), water management. 

1 Introduction 

Climate projections predict a substantial increase in 

temperatures, accompanied by a decrease in annual 

precipitation and a likely escalation of extreme rainfall 

events in several regions of the Mediterranean basin.[1]. 

As a result, vulnerability to these catastrophic food 

shortages and droughts could increase, particularly in 

developing countries.[2] 

In this context, water resource management, particularly 

groundwater, is crucial in arid and semi-arid regions in 

Morocco, where water scarcity is exacerbated by 

climate variability and human activities [3]. The Sais 

aquifer is a crucial water source in the Fez Meknes 

region, but groundwater levels have been affected by 

both climate change and overexploitation.[4]. 

Recent advances in satellite climate data, such as those 

from the Gravity Recovery and Climate Experiment 

(GRACE), have proven effective in studying 

groundwater fluctuations and water storage 

dynamics.[5]. Although many studies have successfully 

applied satellite data to hydrological assessments, the 

integration of these data for specific aquifers, such as the 

Sais aquifer, remains underexplored. This study aims to 

fill this gap by assessing the contribution of satellite data 
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through understanding groundwater changes in the Sais 

aquifer, alongside traditional in situ measurement [6]; 

[7]. 

The main objective of this paper is to assess the impacts 

of precipitation and drought on groundwater 

fluctuations. In addition, the study will focus on 

identifying new patterns and trends in groundwater 

storage using advanced methods such as Innovative 

Trend Analysis (ITA) [8]. Furthermore, by exploring 

these relationships, the study will provide valuable 

information for water resources management, filling a 

critical gap in the scientific understanding of 

groundwater dynamics in semi-arid regions [9]; [10]. 

In summary, this study aims to improve our knowledge 

of the role of satellite climate data in hydrogeological 

studies, refine analysis techniques, and provide new 

insights into the effects of precipitation variability on 

groundwater storage, with implications for sustainable 

water management.[11], [12], [13], [14], [15]. 

2 Description of the study area 

This study was conducted in the Saïss Plain (area ≈ 2200 

km2), which is located in north-central Morocco and 
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includes 35 urban centers, among which 12 (Lqsir, 

Bittit, Sebaâ Ayoune, Ait Hrz lah, Ait Boubidmane, 

Dkhissa, Oued Jdida, Mhaya, Mejjate, Sidi Slimane 

Moul Lkifane, Ain Bida, and Oulad Tayeb) (Figure 1) 

are the ones with the most intensive agricultural 

activities owing to the presence of groundwater aquifers 

and fertile soils[16]. The soils of the Sais Plain (Fès–

Meknès region) are generally brown calcareous soils 

with low organic matter content (<2%), sandy to loamy-

sandy texture, and moderate clay enrichment in the 

deeper horizons. They exhibit a moderate water-holding 

capacity, high permeability, and a slightly to moderately 

alkaline pH (around 7.5–8.0), reflecting the calcareous 

and marly parent materials typical of the basin [17]. The 

main crops in the study area are vegetables and fruit 

trees[22,24]. Pesticides, especially glyphosate, is the 

most frequently used herbicides[21]. The groundwater 

of the Saïss plain plays a vital role in regional socio-

economic development, providing drinking water for 

both local and neighboring centers and being an 

essential factor for agricultural activity development. In 

some rural regions, wells are the only source of drinking 

water[20,25]. 

2.1 Geological contexts 

The main formations encountered in this aquifer are: 

- Paleozoic: represented by a monotonous facies of fine 

quartzite schists intercalated with sandstone beds [24]. 

- Triassic: essentially made up of gypsiferous and 

saliferous clays (evaporitic deposits) with 

intercalations of doleritic basalts (700m thick) [25]. 

- Lias: the lias is formed essentially by massive and 

ruiniform limestone and dolomites. Miocene: the 

Miocene is formed mainly by sandstone limestone, 

gray marl (Messenian) and sandy marl ([26],[27]). 

- Pliocene: The Pliocene is formed by sands with a 

carbonate matrix overmounting gray marls of the 

Messinian ([26]). 

- Quaternary: it corresponds to a fluvial complex ([28]). 

- Structurally, these carbonates are affected by several 

fractures causing a dislocation of different Liassic 

blocks and sometimes Pliocene-Quaternary limestone-

travertine ([29]. 

 

Fig. 1. Map of the geographical location of the study area and 

Geological ([30],[31]). 

2.2 Hydrological and Hydrogeological contexts 

In the Saïss system, there are two aquifer reservoirs: 

- A free water table which develops at the level of the 

plain in Plio-Quaternary formations; The water table 

circulates mainly in sands, sandstones and locally in 

lacustrine limestones. This Plio-Quaternary surface 

water table has been recognized by a large number of 

boreholes, wells and springs (hydrogeological map at 

1/1000000,[32]) and [33]). Production flow rates: 1 to 

20 l/s depending on the sector [34]. 

- With the transmissivities: 2. 10-5 to 1. 10-1 m2 /s. This 

strong variation of the transmissivity is due to the 

importance of the variation of the thickness and/or that 

of the permeabilities of the aquifer. And Permeability: 

1. 10-5 to 5. 10-2 m/s. It is therefore a very 

heterogeneous environment, and flow direction from 

SSE to NNW [35]. 

- A deep aquifer that circulates mainly in the carbonate 

formations of the Lias. This aquifer is free at the level 

of the Causse and then sinks under the impermeable 

grounds of the Tertiary which put it in charge under 

the plain, the average water flux of all TMA aquifers 

is estimated at about 32-35 m3 /s, with 10 m3/s 

transiting to the subterranean Saïss basin [29]. The 

flow rate of Bittit spring is from 1.3 to 1.5 m3 /s. The 

flow of Ribaa spring is from 0.02 to 0.32 m3 /s and that 

of Aguemguam spring is typical of a karst system, 

from 0 after a dry period to 0.53 m3 /s (Sebou-Fes 

Hydraulic Basin Agency 2008–2011) [36][37]. 

 
Fig. 2. The piezometric sketch map of the studied aquifer 

(March 2018). 

The groundwater flows in this region are conditioned by 

two major fracture networks, mainly NE–SW and NW–

SE directions [29];[37], and probably with a NW–SE 

preferential flow direction ([38]). A karstic complex 

water circulation is especially developed locally at the 

border of the two hydrogeological units[38]. 
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Fig.3. Geological section of the south Rifain groove according 

to the geological map of El Hajeb 1/1000000 Chamayou and 

al 1975). 

The Saïss aquifer is generally characterized by mild 

winters with average rainfall of about 500–600 mm/year 

(Sebou-Fes Hydraulic Basin Agency, 2008–

2011)[39][39]. This climate regime is also characterized 

by relatively constant temperature across the entire Saïs 

basin, which becomes slightly higher in the east [39]. 

During the past 50 years, the frequency of drought 

periods has increased ([40];[41]).  

The Sais plain is crossed by perennial Wadis: Wadi 

Boufekrane, Wadi Ouislane wadi Bou Gnoua, Wadi 

Oujdida, Wadi N'la, Wadi Boua Rakak and Wadi Fes 

(Figures 1 and 2) [42]. 

The Saïss system is characterized by an average 

superficial flow of around 5600 Mm3/year, which 

represents 29.4% of the global flow [43]. 

3 Materials and methods 

3.1 Satellite data 

Table 1 presents climate and TWS data are readily 

available and accessible for download from NASA and 

other websites, where monthly measurement files can be 

obtained. A Python application was developed to extract 

and visualize these datasets as maps or time series. In 

this study, GRACE and GRACE-FO TWS data were 

downloaded from the following URL in Table 1, in 

NetCDF format (CSR_GRACE_GRACE-FO_RL0602 

_Mascons_all-corrections.nc), covering the period from 

April 2002 to March 2024 (last updated: 2024-06-18). 

The data are plotted on a 1/4-degree longitudinal-lateral 

grid, but correspond to a 1x1-degree equal-area geodetic 

grid at the equator, which is the current native resolution 

for CSR RL06 mascon solutions. This new RL06 grid, 

with a resolution of 1/4 degree (compared to 1/2 degree 

in RL05), was designed to more accurately represent the 

coasts.  

The final dataset includes monthly TWS anomalies in 

centimeters (cm) of equivalent water thickness from 

April 2002 to April 2020. Missing GRACE observations 

were interpolated linearly, using values from the two 

adjacent months. 

 

 

 

 

 
Table1: source and availability of data. 

Data source Website 

TWS 
GRACE and 
GRACE-FO 

data 

https://www2.csr.utexas.edu/grace/R
L0602_mascons.html 

FLDAS 
Model 

Outputs 

https://disc.gsfc.nasa.gov/datasets/F
LDAS_NOAH01_C_GL_M_001/sum

mary?keywords=FLDAS 

IMERG data https://gpm.nasa.gov/data/imerg  

Soil moisture 
data 

https://power.larc.nasa.gov/data-
access-viewer/ 

Volume 
number 

https://www2.csr.utexas.edu/grace/R
L0602_mascons.html 

Page 
number 

https://disc.gsfc.nasa.gov/datasets/F
LDAS_NOAH01_C_GL_M_001/sum

mary?keywords=FLDAS 

Year https://gpm.nasa.gov/data/imerg  

DOI 
https://power.larc.nasa.gov/data-

access-viewer/ 

3.2 The method of chronological 
decomposition of precipitation 

There Decomposition method is an approach used in 

signal processing and image processing to decompose a 

signal or image into components that can be fine details 

or important structures. 

A time series can be decomposed into three elements 

(Fig. 3). 

 

Fig. 4. Example of chronological decomposition of a 

precipitation series. 

- The trend represents: The long-term evolution of the 

series studied: it reflects the “average” behavior of the 

(observed) series. 

- The seasonal component or seasonality (seasonal) 

corresponds to a phenomenon that repeats itself at 

regular time intervals (periodic). In general, it is a 

seasonal phenomenon, hence the term seasonal 

variations. 

- The residual component or noise or residue (random): 

These are irregular fluctuations of a random nature. 

They are obtained by removing trend and seasonal 

movements from the initial series. Additionally, the 

graphs in this study were taken from NASA data. 

3

BIO Web of Conferences 212, 01028 (2026)                                                                                        https://doi.org/10.1051/bioconf/202621201028
IC2EM-SDT’25

https://www2.csr.utexas.edu/grace/RL0602_mascons.html
https://www2.csr.utexas.edu/grace/RL0602_mascons.html
https://disc.gsfc.nasa.gov/datasets/FLDAS_NOAH01_C_GL_M_001/summary?keywords=FLDAS
https://disc.gsfc.nasa.gov/datasets/FLDAS_NOAH01_C_GL_M_001/summary?keywords=FLDAS
https://disc.gsfc.nasa.gov/datasets/FLDAS_NOAH01_C_GL_M_001/summary?keywords=FLDAS
https://gpm.nasa.gov/data/imerg
https://power.larc.nasa.gov/data-access-viewer/
https://power.larc.nasa.gov/data-access-viewer/
https://www2.csr.utexas.edu/grace/RL0602_mascons.html
https://www2.csr.utexas.edu/grace/RL0602_mascons.html
https://disc.gsfc.nasa.gov/datasets/FLDAS_NOAH01_C_GL_M_001/summary?keywords=FLDAS
https://disc.gsfc.nasa.gov/datasets/FLDAS_NOAH01_C_GL_M_001/summary?keywords=FLDAS
https://disc.gsfc.nasa.gov/datasets/FLDAS_NOAH01_C_GL_M_001/summary?keywords=FLDAS
https://gpm.nasa.gov/data/imerg
https://power.larc.nasa.gov/data-access-viewer/
https://power.larc.nasa.gov/data-access-viewer/


3.3 Man-Kendall Test 

The Mann-Kendall (MK) statistic is a non-parametric 

test used for trend analysis. It was first introduced by 

Mann [44] and Kendall [45] derived the statistical 

distribution of the test [46]. This test is suitable for cases 

where the trend can be considered monotonic, and 

therefore no seasonal component is present in the data. 

One of the main advantages of the Mann-Kendall test is 

that: It is not a presupposition method in terms of data 

distribution, i.e., no assumptions are needed about the 

data distribution, as the prerequisite for this method is 

known as a non-parametric method[46]. 

3.4 Innovative trend test 

The simple ITA methodology provides insight into trend 

analysis as it describes monotonic or non-monotonic 

upward or downward trends. In addition, it considers 

five trend conditions: monotonic and non-monotonic 

downward, monotonic and non-monotonic upward, and 

no trend [47]). 

The basic procedure of ITA is to divide the observation 

data from the first data values to the final data values 

into two equal parts and sort the two sub-data series in 

ascending order, respectively. 

Based on two-dimensional Cartesian coordinates, the 

first half of the data value (Xi) is located on the 

horizontal axis (X-axis) and the second half of the data 

value (Xj) is located on the vertical axis (O-axis). The 

span of the two axes must be equal. The line (45°) 

divides the diagram into two similar triangles. If the data 

points accumulate on the 45° line, it is found that there 

is a trendless time series[48]. 

If all data points lie above (below) the 45° line in the 

upper (lower) region of the triangle, a monotonic 

upward (downward) trend is present in the time series 

data. Suppose the data points accumulate nonlinearly 

above (below) the 45° line in the upper (lower) region 

of the triangle. In this case, the time series data exhibits 

a non-monotonic upward (downward) trend. 

The ITA method does not allow displaying the number 

of time series and subcategories. However, the new 

innovative trend analysis, as a new type of Sȩn 

methodology, indicates the mentioned trends and 

describes the number of data and subcategories.[47]. 

 

 

Fig. 5. Example of ITA innovative trend test. 

 

3.5 Drought Index ISP 

Table 2 shows the value of the drought indices as a 

function of the degree of humidity or dryness: 

Droughts that impact water availability, agricultural 

production, and livestock activities are typically 

identified and characterized using drought indices. This 

study examines the potential of using the Standardized 

Precipitation Index (SPI) and the precipitation-based 

Standardized Precipitation-Evapotranspiration Index 

(SPEI) to replicate observed meteorological droughts in 

the Sais aquifer. 

3.6 The TWS data analysis method 

To calculate terrestrial water storage anomalies using 

the following equation[49]: 

TWS = SW + SM + GWS + SWE (Eq. 1) 

With SW: Surface water 

SM: Soil moisture 

GWS: groundwater 

SWE: Snow Water Equivalent 

Just like GWS = TWS-SM (Eq. 2) 

4 Results and discussions 

4.1 Climate context 

Average precipitation data reveal clear seasonal 

patterns, with notable precipitation peaks during the 

winter months and significant decreases in the summer. 

January records the highest average precipitation, 

exceeding 60 mm, closely followed by December, 

November, February, and March, all of which display 

substantial precipitation levels (52-55 mm). These peaks 

correspond to the winter season, which generally brings 

the wettest months to semi-arid Mediterranean regions 

like Sais. 

In contrast, the summer months (June to August) 

experience minimal rainfall, with August recording 

near-zero rainfall. This period is marked by the dry 

season, which exacerbates water shortages and reduces 

groundwater recharge. Transition months such as July 

and August experience a gradual decline in rainfall, 

reflecting the transition from winter to summer. 

Analyzing historical rainfall trends (e.g., 12 mm in 

September, 2 mm in August, and moderate levels of 25 

to 45 mm in May and April), the seasonal variability 

observed in this figure highlights the vulnerability of the 

Sais aquifer to drought and climate fluctuations. 

Prolonged periods of low rainfall, such as in summer, 

can put additional pressure on groundwater resources, 

requiring effective water management strategies to 

address recharge deficits during drought years ([50]). 
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Fig. 6. Average monthly precipitation of the Sais aquifer 

4.2 Chronological decomposition of 
precipitation in the Sais plain 

The decomposition of the monthly precipitation time 

series shown in Figure 7 highlights the key components 

of rainfall variability over the observed period (2002-

2020). The analysis separates the data into three main 

components: trend, seasonality and residuals. 

(i) Original data (first part): The original rainfall series 

shows significant variability with multiple peaks and 

troughs over the years. Heavier rainfall events are 

visible between 2008 and 2011, and again around 2019 

and 2020, indicating periods of increased rainfall 

intensity. The fluctuations highlight the erratic nature of 

rainfall in the study area. 

(ii) Trend (second part): The trend component reveals 

long-term variations in precipitation. There was a 

notable decline in precipitation between 2002 and 2004, 

followed by a slight recovery and stabilization during 

the period 2004 to 2009. And from 2009 to 2015. From 

2015 onwards, the trend shows another downward 

movement and a decrease in precipitation levels in 

recent years. This trend analysis reflects periods of 

drought and recovery, consistent with broader patterns 

of climate variability. 

(iii) Seasonality (Part Three): The seasonal component 

highlights a consistent annual cycle of precipitation. 

Peaks occur during the winter months, reflecting the 

Mediterranean climate of the Sais region, where 

precipitation is concentrated in winter. This seasonal 

pattern remains consistent throughout the observed 

period, highlighting the regular presence of wet and dry 

seasons. 

(iv) Residues (last part): Residuals represent irregular or 

random variations not captured by trend and seasonal 

components. These fluctuations are more pronounced in 

years with abnormally low precipitation, such as 2008 

and 2018. They highlight events that deviate from 

typical patterns, likely caused by short-term climate 

factors or localized weather events. 

In summary, time series decomposition effectively 

isolates the underlying components of precipitation 

variability. Seasonality is stable, driven by annual 

climate cycles, while the trend indicates periods of 

drought and recovery. The residuals show irregular 

fluctuations that can signal extreme weather events, 

highlighting the need for adaptive water resource 

management in response to climate variability. 

 

Fig. 7. Decomposition of precipitation data series (PM) in the 

Sais plain during the period 2002_2020 

4.3 Innovative trend test to analyze temporal 
dynamics at the Sais aquifer 

The results of the Mann-Kendall test on monthly 

precipitation trends at Sais station between 2002 and 

2020 (Table 2) are presented in Table 2. The analysis 

reveals that there are no trends at the study area level. 

For example, January (p-value: 0.845) and February (p-

value: 0.8533). Except in June the trend is significant 

with a downward direction. 

However, the lack of significant trends in other months 

highlights the high variability and inconsistency of 

rainfall patterns over the years. This is consistent with 

the observed effects of drought and climate variability, 

which continue to impact groundwater resources in the 

Sais Basin, highlighting the vulnerability of the region's 

water table to climate change. 

Table 2: Results of the Man-Kendall test at the Sais water 

table in 2002–2020 

 P -

value 

 

Z 

 

H0: 

No 

trend 

Sen 

slope 

(cm / 

year) 

Trend 

direction 

Januar

y 

0.228 -

1.205

5 

Yes -

0.151

5152 

No trend 

Febru

ary 

0.384

3 

-

0.869

93 

Yes -0.1 No trend 

March 0.633 1.378

8 

Yes 0.086

95652 

No trend 

April 0.836

5 

-

0.206

43 

Yes 0 No trend 

May 0.322

8 

-

0.988

62 

Yes -

0.147

0806 

No trend 

June 0.036

41 

-

2.092

3 

No -

0.043

47826 

Drop 

July 0.101

1 

-

1.639

6 

Yes 0 No trend 

Augus

t 

0.86 -

0.176

35 

Yes 0 No trend 

Septe

mber 

0.760

4 

0.304

98 

Yes 0 No trend 
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Octob

er 

0.982

7 

-

0.021

734 

Yes 0 No trend 

Nove

mber 

0.487

4 

-

0.694

41 

Yes -

0.110

043 

No trend 

Dece

mber 

0.282

7 

-

1.074

4 

Yes 0 No trend 

Annua

l 

0.165

3 

1.387

3 

Yes 0.822

5806 

 

No 

tension 

4.4 Trend test to analyze the temporal 
dynamics of precipitation in the Sais plain 

The presented innovative trend methodology was 

applied to different precipitation time series recorded at 

the Sais gauging station. A mean precipitation time 

series was evaluated for the monthly time scale and a 

trend analysis was performed using the Innovative 

Trend Analysis (ITA) method. The results of the ITA 

approach were compared with those obtained by the 

Man-Kendall monotonic test applied to the original 

series. Each monthly value is represented by its 

estimated mean between the periods 2002 and 2020. 

       Figure 8 shows the results of the ITA method 

applied to the Sais station, reflecting monthly rainfall 

trends between 2002 and 2020. Each scatter plot 

corresponds to a specific month, where the x-axis 

represents rainfall values during the first half of the 

study period (2002-2011) and the y-axis represents 

values for the second half (2011-2020). The orange 

diagonal line serves as a 1:1 reference line, indicating no 

change in rainfall between the two periods. Points above 

this line signify an increasing trend, while points below 

this line indicate a decreasing trend in rainfall. The 

results highlight variable patterns across months, with 

notable increases in some months (e.g., November, 

December, and April), while others (e.g., July) show 

limited or no trends. These results provide a clear 

visualization of the temporal dynamics and monthly 

variability of precipitation in the Sais Plain during the 

study period. 

 

 

Fig. 8. Result of the ITA test on the aquifer 

 

Innovative Trend Analysis (ITA) applied to monthly 

precipitation data at Sais station provides a detailed 

interpretation of precipitation trends by classifying the 

data into three classes: low (< 20 mm), medium (20 to 

40 mm) and high (> 40 mm). This classification 

facilitates the understanding of precipitation dynamics 

over the months. Interpretations are as follows: 

- January: An increasing trend is observed for all 

categories (low, medium, high), indicating an increase 

in precipitation at all levels during the second half of 

the study period. 

- February: A downward trend is observed for all 

precipitation categories, reflecting constant decreases. 

- March: An upward trend at the low category level, and 

a downward trend for the other categories (Medium, 

Low), which indicates the climate is unstable at the 

level of the study area. 

- April: An upward trend for the weak and strong 

categories, and a downward trend for the medium 

category. 

- May: Precipitation shows an increasing trend in all 

categories, indicating an improvement in precipitation 

patterns for this month. 

- June: Precipitation shows a decreasing trend for all 

categories, indicating a decrease in recharge.    

- July: We find that there are not trends across all 

categories. 

- August: We see increasing precipitation trends for all 

categories. 

- September: For the low and medium categories, an 

upward trend is observed, indicating an increase in 

light and moderate precipitation. However, for the 

high category, a downward trend is observed, 

reflecting a decrease in heavy precipitation. 

- October: An upward trend for the low category, 

suggesting a decrease in precipitation levels during 

this month. However, there is no significant trend at 

the high category level. 

- November: The categories (low, medium) show a 

decreasing trend. However, the high category shows 

an increasing trend, which signifies the wet period at 

the Sais aquifer level. 

- December: All categories (low, medium, high) show a 

downward trend, highlighting a decrease in 

precipitation. 

          This analysis highlights the seasonal variability of 

precipitation trends in the Sais Plain. The months of 

January, May, and August show consistent upward 

trends across all categories, indicating positive changes 

in precipitation. In contrast, February and January show 

clear downward trends across all categories. For June, 

July, August, September, and October, trends are 

minimal or nonexistent, reflecting stable or unchanged 

conditions. This information reveals a nuanced 

understanding of monthly precipitation dynamics and an 

overall downward trend in annual precipitation levels. 

Figure 9 presents the results of the annual innovative 

trend analysis (ITA) test for the Sais Plain. In this figure, 

most of the blue points are located above the reference 

line, showing an increasing trend in annual precipitation 

over both periods. The significant clustering of points in 

the upper and middle range reflects an increase in 

precipitation intensity over time. The upward shift of the 

points relative to the reference line further confirms the 

overall positive trend. Only a few data points align with 
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or slightly below the line, showing rare cases of unstable 

or slightly decreasing precipitation. 

This result is consistent with more general findings 

regarding increasing trends in annual rainfall in the Sais 

Plain, which could have implications for water 

availability, agricultural productivity and resource 

management in the study area. 

 

 

Fig. 9. Annual results of the ITA test at the Sais plain level 

 

Based on the previous results of these tests, it is evident 

that the Innovative Trend Analysis (ITA) method offers 

greater reliability than the Mann-Kendall method. The 

Mann-Kendall analysis does not indicate any significant 

trend, while the ITA method reveals significant trends 

in different precipitation categories. For example, in 

January, it presents the increasing trend for all 

categories. 

4.5 Analysis of satellite climate data 

FLDAS Model 

Figure 10 presents the decomposition of the Few Land 

Data Assimilation (FLDAS) precipitation time series 

into three components: trend, seasonality, and residual. 

The trend highlights three distinct periods of variation: 

an increasing trend from 2002 to 2008, a decreasing 

trend from 2008 to 2012, a stable increasing trend from 

2012 to 2015, and a decreasing trend from 2015 to 2020. 

The seasonality component reveals a clear annual cycle, 

showing consistent periodic fluctuations in precipitation 

patterns over the years. The residual component 

(remainder) captures irregular variations that are not 

explained by trend or seasonality, with small deviations 

from the baseline, except for a notable increase in 

variability after 2016. Overall, the decomposition 

effectively distinguishes the underlying structure of the 

FLDAS precipitation data, which emphasize both long-

term trends and recurring seasonal behavior in the Sais 

basin. 

 

Fig. 10. Chronological decomposition of precipitation from 

the FLDAS model at the Sais plain level 

 
IMERG model 

Figure 11 shows the decomposition of the Integrated 

Multi-satellite Retrievals for GPM (IMERG) 

precipitation time series for the Sais water table into 

trend, seasonal, and residual components. The trend 

highlights three main phases: a decreasing trend from 

2002 to 2008, an increasing trend from 2008 to 2012, 

and a subsequent decline from 2012 to 2020, consistent 

with the reported long-term variability. The seasonal 

component shows a clear pattern of alternating wet and 

dry seasons, indicating a consistent seasonal cycle of 

precipitation in the Sais region. 

 

 

Fig. 11. Chronological decomposition of precipitation from 

the IMERG model at the Sais plain level 

 

Finally, the residual component captures irregular 

fluctuations not explained by trend or seasonal patterns, 

with notable variability observed throughout the time 

series, particularly after 2008. This decomposition 

effectively captures annual cycles, long-term trends, and 

irregular variations in Integrated Multi-satellite 

Retrievals for GPM (IMERG) precipitation over the 

study period. 

4.6 Precipitation correlation 

Correlation of time series between models 

Figure 12 illustrates the correlation between FLDAS, 

IMERG, and observed precipitation in the Sais aquifer. 
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IMERG, FILDAS, and measured precipitation data 

demonstrate a strong correlation, following similar 

trends over time, although IMERG data often show 

higher amplitudes, indicating a slight overestimation of 

precipitation. FLDAS data, on the other hand, remain 

relatively stable and show consistently lower values 

compared to other series. The overall pattern highlights 

that satellite-derived precipitation data (IMERG and 

FLDAS) capture the overall trend in measured 

precipitation, but IMERG data offer greater variability 

and better alignment with observed seasonal 

fluctuations. This comparison highlights the reliability 

of satellite products for monitoring precipitation trends 

while recognizing their tendency to overestimate 

precipitation levels compared to ground-based 

observations. 

 

Fig. 12. (A) Correlation between the Precipitation and IMERG 

models; (B) Correlation between the Precipitation and FLDAS 

models at the Sais water table level. 

4.7 Presentation of monthly average water 
storage anomalies derived from TWS_GRACE 

The monthly mean TWS variations are sinusoidal with 

many peaks in spring and summer and a general decline 

in winter. It highlighted the effect of summer 

precipitation and flash floods. The GRCTellus Land 

RL06 version of the Gravity Recovery and Climate 

Experiment (GRACE) and Gravity Recovery and 

Climate Experiment (GRACE/FO) from these centers is 

available in two different solutions, namely spherical 

harmonic and mascon (mass concentration blocks). 

Figure 12 presents the TWS_GRACE-derived water 

storage anomalies for the Sais aquifer from 2002 to 

2020. The trend highlights significant fluctuations in 

total water storage (TWS) anomalies over the years. 

Initially, from 2002 to 2011, water storage shows a 

gradual decrease with intermittent drops. Between 2011 

and 2015, a notable peak phase occurs, indicating a 

period of higher water storage levels. However, after 

2015, water storage anomalies show a steady downward 

trend, with significant reductions observed from 2017 

onwards, reaching their lowest values in 2020. This 

trend suggests that after a period of relative stability and 

gain, the Sais aquifer has experienced sustained water 

loss, likely due to factors such as increased groundwater 

extraction, reduced recharge, or changing climatic 

conditions. The overall trajectory highlights a worrying 

decline in groundwater resources during the analyzed 

period. 

 

 
Fig. 13. Water storage anomalies derived from WS_GRACE 

in the Sais aquifer.  

Table 3 presents the Mann-Kendall test results for 

TWS_GRACE over the three phases (2002-2020) in the 

Sais aquifer. The results reveal significant trends in 

terrestrial water storage (TWS) anomalies. In phase 1, 

the p-value is0.07481, indicating a statistically 

significant increasing trend, with a Z MK value of 

1.7816 and a Sen slope of -0.254 cm/year, reflecting a 

decrease in water storage. Phase 2, which shows the 

intermediate period, indicates a positive trend with a p-

value of 0.2261, a Z MK value of 1.2105, and a Sen 

slope of 0.030 cm/year, showing a significant increase 

in water storage. However, in phase 3, the results 

highlight a pronounced decrease, with a p-value of 

6.831e-10, a Z MK value of 6.17, and a steep Sen slope 

of -0.0155 cm/year, confirming a sharp decrease in 

TWS. These results highlight alternating phases of water 

gain and loss, with an overall decreasing trend in water 

storage, especially during the third phase, suggesting 

increasing pressure on groundwater resources in the Sais 

aquifer. 

Table 3: Man-Kendall test for the three phases of 

TWS_GRACE 

 

The Mann-Kendall trend test 

ρ_ 

Value 

H0: 

No 

trend 

ZMK 

Sen 

slope 

(cm 

/year) 

Trend 

direction 

Phase 

1 

0.0748

1 

 

No 

1.781

6 

 

0.253

8739 
Increase 

Phase 

2 
0.2261 Yes 

1.210

5 

0.030

1585 
Increase 

Phase 

3 

6.831e-

10 

 

No 
-6.17 

 

-

0.155

6101 

 

Drop 

4.8 Estimation of variations in groundwater 
storage at the Sais aquifer. 

Figure 14 presents the calculation of groundwater 

storage (GWS) in the Sais plain using the relation 

GWS=TWS−SM (Eq. 2), where SM represents soil 

moisture and TWS represents total terrestrial water 

storage. 

Graph A (TWS): This graph shows the total terrestrial 

water storage anomalies from 2002 to 2020. The TWS 

exhibits significant fluctuations with a peak around 
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2006 to 2010, followed by a notable decline until 2020, 

reflecting a sustained reduction in total water storage. 

Graph B (SM): This graph shows variations in soil 

moisture, which demonstrate a seasonal cycle with 

constant annual peaks and troughs throughout the study 

period. This indicates regular variability in soil 

moisture, likely due to precipitation and 

evapotranspiration. 

Graph C (GWS): This graph plots groundwater storage 

as the difference between TWS and SM. GWS reveals a 

general declining trend, with notable reductions after 

2016, indicating increasing groundwater depletion over 

time. The decline in GWS is more pronounced relative 

to fluctuations in soil moisture, highlighting the 

influence of groundwater extraction and reduced 

recharge rates. 

In summary, while soil moisture (SM) remains 

relatively unstable across seasons, the decline in TWS 

and resulting trends in GWS highlight significant 

groundwater loss, particularly in recent years, indicating 

unsustainable water resource management in the Sais 

Plain. 

 

Fig. 14.Calculation of GWS from: (A) TWS; (B) SM; (C) 

GWS 

The Mann-Kendall test results for the four-groundwater 

storage (GWS) phases in the Sais aquifer (Table 4) 

reveal significant trends over the study period. 

In phase 1, the p-value is 0 .0006757, indicating a 

statistically significant decreasing trend. The Z MK 

value of -3.3992 and a Sen slope of -0.029 cm/year 

reflect a notable decline in groundwater storage during 

this phase. 

Phase 2 shows a negative trend, with a p-value of 

0.2536, a Z MK value of -1.1416 and a Sen slope of -

0.039 cm/year, indicating a sharp decrease in 

groundwater storage at the Sais aquifer level. 

In phase 3, the p-value is 3.604e-09, which highlights a 

strong downward trend. The MK Z-value of -5.9014 and 

a steep Sen slope of -0.168 cm/year confirm a 

substantial decline in GWS, representing the most 

severe decline of all phases. 

Table 4: Man-Kendall test for the three phases of the GWS 

at the Sais aquifer 

 The Mann-Kendall trend test 

ρ 

_Valu

e 

H0: 

No 

tren

d 

ZMK Sen slope 

(cm/year) 

Trend 

directio

n 

Phase 1 0.000

6757 

No -

3.399

2 

-

0.029161

17 

Drop 

Phase 2 0.253

6 

Yes -

1.141

6 

-

0.039005

86 

Drop 

Phase 3 3.604

e-09 

No -

5.901

4 

-

0.168570

4 

Drop 

 
In this study, the analysis reveals alternating periods of 

water gain and loss, with the final phase showing critical 

and accelerated depletion of groundwater resources in 

the Sais aquifer, suggesting increasing water stress and 

the need for improved groundwater management 

strategies. 

4.9 Correlation between GWS and TWS 

Figure 15 and Table 5 illustrate the relationship between 

terrestrial water storage (TWS) and groundwater storage 

(GWS) in the Sais aquifer from 2002 to 2020. The two 

series show a strong correlation, as trends and 

fluctuations closely align throughout the period. From 

2002 to 2011, TWS and GWS show alternating 

increases and decreases, peaking around 2010–2015. 

After 2016, there is a consistent downward trend in 

TWS and GWS, with a particularly sharp decline 

observed after 2018, highlighting significant water loss. 

This decline reflects increasing groundwater depletion, 

likely due to increased extraction and reduced recharge. 

The strong agreement between the two series confirms 

that variations in TWS largely drive changes in GWS, 

highlighting the interdependence between terrestrial and 

groundwater storage within the Sais aquifer system. 

 

 

Fig. 15. Correlation between GWS and TWS of the Sais 

aquifer. 
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Table 5: Comparison between TWS and GWS at the Sais 

plain level 

 The Mann-Kendall trend test 

TWS GWS Trend 

direction Sen slope 

(cm∙a- 1 ) 

Sen slope 

(cm∙a -1 ) 

Phase 1 0.2538739 0.0006757 Drop 

Phase 2 0.0301585 0.2536 High 

Phase 3 -0.1556101 -0.1685704 Drop 

4.10 Impact of drought on groundwater: - 
Relationship between precipitation and 
terrestrial water storage (TWS_GRACE) 

Figure 16 highlights the relationship between 

precipitation (PM) and terrestrial water storage (TWS) 

anomalies over the period 2002-2020. The red graph 

represents TWS anomalies, while the green graph shows 

precipitation. A strong correlation is observed between 

the two parameters, indicating that precipitation 

variations significantly influence TWS trends. 

Precipitation peaks, particularly in 2002, 2004, and 

2006, correspond to notable increases in TWS 

anomalies, demonstrating the direct impact of extreme 

precipitation events on terrestrial water storage. 

Conversely, drought periods such as 2011 and 2018 are 

marked by sharp decreases in TWS, reflecting reduced 

water availability due to insufficient precipitation. Over 

the long term, TWS anomalies show a gradual decline, 

suggesting the cumulative impact of droughts and 

reduced precipitation on terrestrial water storage. This 

analysis highlights the sensitivity of TWS to 

precipitation variability and highlights the important 

role of climate-related changes, such as droughts, in 

influencing water storage dynamics in the study area. 

 
Fig. 16. Correlation between PM, TWS at the Sais water 

table level. 

 

Effects of drought on water storage in the Sais aquifer 

Figure 17 illustrates the correlation between monthly 

precipitation (PM), terrestrial water storage (TWS) and 

groundwater storage (GWS) at the Sais water table 

during the study period (2002-2020). A clear negative 

trend in groundwater storage (GWS) is observed, 

reflecting a continuous decline in groundwater levels. 

TWS, represented by a linear trend, also shows a 

downward trajectory, indicating an overall loss of water 

mass in the catchment ([51]). 

 

Fig. 17.(A) Correlation between PM and GWS; (B) 

Correlation between PM and TWS 

This figure highlights a strong correlation between 

precipitation, TWS, and GWS, showing that 

fluctuations in precipitation have a direct impact on 

terrestrial and groundwater storage. In particular, 

periods of reduced precipitation correspond to sharp 

declines in TWS and GWS, confirming the adverse 

effects of climate variability and drought on the water 

balance. This analysis highlights the usefulness of 

GRACE satellite data for monitoring hydrological 

changes and supporting water resource management. 

While on-site observations remain essential, GRACE-

derived data effectively validate observed trends in 

water volume loss, reinforcing the importance of 

integrating satellite data into environmental and water 

management strategies. 

5 Conclusion 

In conclusion, the analysis of rainfall intensity and water 

storage dynamics in the Sais Plain reveals significant 

temporal and spatial trends that highlight the region's 

vulnerability to climate variability and water scarcity. 

Scatter plot analysis indicates clear monthly variations 

in rainfall patterns, with some months showing 

consistently increasing trends, while others, such as 

June, July, August, September, and October, show a 

decline or no significant change. The Innovative Trend 

Analysis (ITA) method provides a more detailed and 

reliable insight into these trends, revealing that rainfall 

generally decreased during the study period, particularly 

during the second half of the analysis, with some 

months, such as January, February, and November, 

showing notable increases. 

The decomposition of satellite-derived precipitation 

data (FLDAS and IMERG models) also supports the 

findings, highlighting the cyclical nature of precipitation 

and climate-induced variability. Analysis of terrestrial 

water storage (TWS) and groundwater storage (GWS) 

also highlights a worrying decline in water resources, 

with the Sais aquifer showing significant water loss, 

particularly after 2013. The correlation between 

precipitation, TWS, and GWS indicates a strong 

correlation, with reduced precipitation directly leading 

to lower water storage levels. Furthermore, the impact 

of drought on groundwater resources is evident, as 

periods of reduced precipitation align with sharp 

declines in water storage and increased water stress. 
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These results highlight the urgent need to improve water 

resource management and strategic planning, 

particularly in the face of increasing climate variability 

and frequent droughts. Integrating satellite data, such as 

GRACE and piezometric level analysis, provides a 

valuable tool for monitoring hydrological changes and 

supporting sustainable water management in the Sais 

aquifer. Ultimately, addressing the challenges posed by 

declining water availability will require a combination 

of effective resource management strategies, climate 

change adaptation measures, and careful monitoring of 

trends in terrestrial and groundwater storage. 
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