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Abstract. Al Wahda Dam, located in northern Morocco, is one of the 
country’s most strategic hydraulic infrastructures, with a storage capacity 
exceeding 3 billion cubic meters. It was constructed in 1997 to ensure 
agricultural irrigation in the Gharb plain, provide flood protection, and 
regulate hydrological flow in the region. However, the performance of this 
structure has been increasingly affected by rainfall deficits and the growing 
demand for irrigation water. In addition, rising temperatures have increased 
evaporation losses, particularly during the summer, thereby reducing the 
effective storage capacity. This study aims to monitor the spatiotemporal 
evolution of the Al Wahda dam using the NDWI index derived from remote 
sensing data. It also seeks to highlight the impact of rainfall variability on 
the dam by calculating the SPI. The findings suggest that during wet years, 
the water surface area increases significantly (110 km² in 1998), whereas 
during dry years, a marked contraction of this surface is observed (72 km² 
in 2016). The statistically significant correlation (p-value < 0.05) between 
the dam’s water surface area and the SPI-12 indicates the influence of 
climatic conditions on its dynamics. 

1 Introduction 

Climate change is considered one of the major challenges of the 21st century that the entire 
world will face [1]. According to the IPCC report, the global average temperature could 
increase by 1.4 to 5.8 °C by 2100, accompanied by significant changes in precipitation 
patterns, which may vary by up to ±20%. The Mediterranean region has also been identified 
as a climate change hotspot. Available data and recent studies indicate an increase in the 
frequency and intensity of droughts over the past decades [2]. Moreover, future projections 
indicate that Mediterranean regions will face extreme climatic events, marked by rising 
temperatures, intense rainfall, and both hydrological and agricultural droughts [3]. In general, 
climate change is expected to have long-term effects on hydrological processes and regimes, 
leading to increased water stress in river basins and exacerbating water scarcity [4]. 

Morocco is one of the Mediterranean countries most affected by drought, which has long 
been a recurring feature and a structural component of its climate [5]. Moreover, over the 
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past decades, droughts have become more frequent and intense, with longer dry periods and 
marked disruptions in precipitation patterns at seasonal, annual, and interannual scales. This 
situation is likely to worsen in the coming years: according to climate projections, Morocco 
will experience a gradual decrease in rainfall and a continuous rise in temperatures [6], 
directly affecting water resources, which are closely linked to climate. In recent years, under 
the combined effects of climate change, population growth, and changing land-use patterns, 
the situation of water resources has become increasingly critical, placing the country in a 
state of structural water stress. Indeed, according to the High Commission for Planning, 
Morocco’s water resources decreased from 2,560 m³ per person in 1960 to 620 m³ per person 
in 2019 [7]. Generally, the degradation of water resources is manifested by declining 
groundwater levels, reduced spring and river flows, drying of lakes, and decreasing reservoir 
volumes. The latter represent a central pillar of the national economy, particularly for the 
agricultural sector. The reduction of water reserves in dams directly affects irrigated crops 
and potable water supply, thereby exacerbating water stress in several regions of the country. 

This study aims to monitor the spatiotemporal dynamics of the Al Wahda dam using the 
Normalized Difference Water Index (NDWI) derived from remote sensing data (Landsat TM, 
OLI, and OLI-2 satellite images) during April, which corresponds to the high-water period. 
It also seeks to highlight the impact of rainfall variability and drought on the reservoir’s 
surface area by calculating the Standardized Precipitation Index (SPI). 

2 Study Area 

Al Wahda dam is located in northwestern Morocco (Figure 1), in the downstream part of the 
Ouergha Basin. This basin experiences a semi-arid Mediterranean climate, with a dry summer 
and a rainy winter, along with strong variability in monthly, seasonal, and annual 
precipitation. The Ouergha basin features a dense, complex, and branched hydrographic 
network that facilitates substantial runoff, which is highly dependent on precipitation. The 
basin is also composed of friable formations (marls, clays, flyschs…) that are easily erodible, 
combined with rugged topography and steep slopes poorly protected by sparse natural 
vegetation. This results in intense erosion and a high sediment yield, which is transported 
downstream and accumulates in reservoir storage, particularly at Al Wahda dam [8]. 

 
Fig. 1. Geographical location of the study area 

Al Wahda dam represents one of the most strategic hydraulic infrastructures in the 
country. With a storage capacity of 3.8 billion cubic meters, it regulates approximately 1,740 
Mm³ per year. It was constructed and commissioned in 1997 to ensure agricultural irrigation 

in the Gharb Plain, provide flood protection, and regulate hydrological flow in the region [9]. 
However, the performance of this structure is increasingly affected by the impacts of climate 
change and the continuously rising water demand, particularly for agricultural use. Another 
challenge affecting this dam is sedimentation: according to the State Secretariat for Water, 
the dam had lost about 10% of its storage capacity by 2018, with an estimated annual 
sediment accumulation of 18.5 Mm³ [10]. 

3 Methodology and Data 

In this study, the water surface area of Al Wahda dam was monitored using remote sensing 
data, freely available from the U.S. Geological Survey via https://earthexplorer.usgs.gov. 
Specifically, we used multispectral Landsat satellite images (TM, OLI, and OLI-2) acquired 
in April, which coincides with the dam’s peak water period. The extraction of information 
from these widely used datasets for investigating terrestrial surfaces [11] is performed by 
applying machine learning algorithms and calculating spectral indices [12]. In this study, the 
monitoring and quantification of the water surface area of Al Wahda dam over a 28-year 
period (1997–2024) is based on the NDWI, expressed by Equation 1 (Eq. 1). 

NDWI = (Green – NIR) / (Green + NIR)           (Eq. 1) 

The classification of NDWI into two classes—water and non-water—was based on the 
use of the Otsu algorithm. The non-parametric Otsu algorithm is considered one of the best 
methods for threshold selection in image segmentation [13]. The Otsu threshold has been 
widely used to separate water and non-water pixels from water indices derived from optical 
remote sensing satellite images [14]. In this study, the Otsu threshold was calculated from 
the NDWI using the “autothresholdr” package integrated in the R software. The Otsu 
threshold values obtained from the NDWI calculated over the period 1997–2024 are 
relatively consistent, with most values ranging between -0.1 and -0.03, depending on the 
statistical distribution of the NDWI values. Figure 2 shows the variation of the Otsu threshold 
and the accuracy of water–non-water detection. In some cases, such as 1998 and 2016, the 
results indicate confusion between the water and non-water classes. This confusion can be 
attributed to the spectral properties of surfaces, sensor characteristics, and local 
environmental conditions prevailing at the time of image acquisition. This classification step 
is followed by vectorization of the images and correction of errors arising from 
misclassification between water and non-water. 

In parallel with the water surface monitoring, we analyzed rainfall data from four stations 
(Bab Ouander, Jbel Oudeka, Galaz, and Mjaara) provided by the Sebou Hydraulic Basin 
Agency. The analysis of these data over the period 1990–2023 was based on the SPI (Eq. 2). 
This index, recommended by the WMO, allows distinguishing between meteorological, 
agricultural, and hydrological droughts (at 12- and 24-month scales). This index is considered 
a numerical indicator that reflects the severity of drought. The 12-month scale was chosen to 
characterize hydrological drought in the study area. Negative SPI values (from -1.0) indicate 
periods of drought and end when the index anomalies become positive. The greater the 
negative values, the more severe the drought. 

SPI= (xi- xm) / σ                                                  (Eq. 2) 

Where, SPI: is the Standardized Precipitation Index, xi:  is the precipitation of the selected 
period during the year i, xm:  long-term mean precipitation, σ: standard deviation for the 
selected period. 

The processing and analysis of rainfall and remote sensing data were performed using a 
Geographic Information System (GIS) and the R statistical software. These tools enabled 
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efficient management and visualization of temporal and spatial data, thereby facilitating the 
spatiotemporal monitoring of the water surface area of Al Wahda dam. 
 

 
Fig. 2. Temporal variability of the Otsu threshold 

4 Results and Discussion 

4.1 Spatiotemporal analysis of surface water dynamics of Al Wahda dam 

Landsat satellite images from 1997 to 2024 were analyzed to examine the interannual 
variations in the water surface area of Al Wahda dam. The results depicted in Figures 3 and 
4 show that the dam experienced remarkable fluctuations during the study period, with 
sometimes abrupt increases or decreases. Significant increases in water surface area were 
observed immediately after the commissioning of dam in 1997. Between 1997 and 1998, the 
dam’s surface area increased from approximately 86 km² to 111 km², an increase of 25 km². 

Similarly, between 2000 and 2001, the water surface area increased by about 25 km². 
During the period 2011–2013, the reservoir experienced a marked increase of 28 km² (from 
approximately 78 km² to 106 km²), representing the largest increase observed throughout the 
study period. Conversely, the most pronounced decreases occurred between 1998 and 1999, 
with a loss of about 26 km². Between 2010 and 2011, and between 2015 and 2016, the water 
surface area of Al Wahda dam declined by approximately 28 km² and 17 km², respectively. 
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Fig. 3. Changes in the water surface area (km²) of Al Wahda dam (processing of Landsat TM, OLI, and 
OLI-2 satellite imagery) 
 
 The long-term analysis of Al Wahda dam indicates that its surface area is governed by a 
complex dynamic, characterized by strong annual fluctuations, punctuated by critical years 
(2011 and 2016) and significant increases (1998, 2003–2004, 2009, and 2018). The recent 
period (2019-2024) shows a slight trend toward relative stabilization of the reservoir’s water 
surface; however, the surface areas remain lower than those observed during several earlier 
periods of the study, suggesting a potentially concerning long-term evolution. These results 
confirm that the dynamics of Al Wahda dam are characterized by alternating phases, 
dominated by periods of increase followed by alarming declines. Moreover, this pattern 
reflects an unstable system, strongly influenced by unfavorable climatic conditions and 

increasing anthropogenic pressure (e.g., successive periods of severe drought, changes in 
land-use practices, etc.). 

 
Fig. 4. Interannual variations in the water surface area (km²) of Al Wahda dam (1997–2024) 

4.2 Hydrological drought analysis 

In Morocco, the deficit in rainfall inputs since the 1980s has led to a very severe climatic 
drought [11]. Drought events of varying duration, intensity, and severity have resulted in the 
degradation of water resources (lakes, dams, springs, and wadis) and rainfed agriculture 
(yield losses). In this study, to illustrate the effect of drought on the water surface area of Al 
Wahda dam, we calculated the SPI at a 12-month time scale. This long-time scale is suitable 
for studying hydrological drought, whereas shorter time scales are more appropriate for 
analyzing agricultural and climatic drought. 
 The analysis of the SPI-12 (Fig. 5) at four stations located in the Ouergha watershed 
indicates a clear alternation between wet and dry periods. The SPI-12 shows a largely similar 
pattern of variability across all stations, although differences appear in the duration and 
severity of drought. The longer the drought lasts, the greater its magnitude becomes, leading 
to severe hydrological drought. The results reveal that the period from 1990 to 2023 
experienced several drought episodes. Most of the drought periods recorded in the analyzed 
rainfall series coincide with phases of marked shrinkage in the water surface area of Al 
Wahda dam (e.g., 1999, 2000, 2016, 2022–2024). Moreover, positive anomalies led to a 
pronounced increase in the dam’s water surface area. 
 Statistical analysis based on the Pearson correlation coefficient indicates a moderate 
positive correlation (r = 0.55) between the SPI-12 index (at Mjaara Station) and the water 
surface of the Al Wahda dam. This positive correlation is statistically significant, with a p-
value below 0.05 (p = 0.008). This indicates a strong relationship between the dam’s water 
surface area and the SPI values. The regression slope (Slope = 8.61) shows that for each unit 
increase in the SPI-12 index, the water surface area of the dam increases by approximately 
8.6 km². This quantifies the sensitivity of the dam’s surface area to variations in precipitation. 
Positive SPI-12 values generally correspond to higher water surface areas in the dam, 
whereas negative SPI-12 values often correspond to lower surface areas, reflecting drought 
conditions. These findings indicate a consistent hydrological link: positive SPI values tend 
to increase water storage in the dam. Conversely, negative SPI values correspond to marked 
reductions in the water surface area. 
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4.3 Discussion 

In general, there is a strong correlation between the water surface area of Al Wahda dam and 
the drought periods observed in the Ouergha basin. However, there are exceptions, 
particularly in recent years, characterized by an increased frequency of severe and prolonged 
droughts, while the dam’s surface area has remained relatively less affected. This situation 
can be explained by the spatial and temporal concentration of rainfall. The spatiotemporal 
concentration of precipitation on impermeable, steep, and poorly vegetated surfaces upstream 
of the dam contributes to a rapid rise in the dam’s water level within a very short period. 
Conversely, the transport of large quantities of eroded soils by the Ouergha wadi and its 
tributaries is a determining factor in the siltation of the dam and, consequently, in the 
reduction of its storage capacity. 

 
Fig. 5. 12-month SPI for four stations located in the Ouergha watershed over the period 1990–2023 

 The analysis of the interannual dynamics of Al Wahda Dam is very complex. Alongside 
decreasing precipitation, temperatures have shown a remarkable increase in positive 
anomalies in recent years. The correlation between the dam’s water surface area and the SPI-
12 is statistically significant, with a p-value < 0.05. This significant p-value confirms that the 
SPI-12 index, which reflects hydrological drought, is a relevant climatic indicator for 
assessing the dynamics of the Al Wahda Dam. 

Moreover, the hydrological system and socio-economic dynamics are closely 
interconnected [15]. Water availability (both surface and groundwater) is strongly influenced 
by anthropogenic activities, particularly the continuous changes in land-use practices—such 
as the extension of irrigated perimeters. The steady increase in water demand for irrigation, 
in a context of climate change, has considerably intensified pressure on dam water resources 
in Morocco and contributes to the reduction of their water surface area. In this context, the 
pressure on the water resources of the Al Wahda Dam, driven by the extension of irrigation-
based agricultural land, exacerbates the water deficit, especially during drought periods. 

 
 
 

5 Conclusion 

Remote sensing data provide an important source of information for studying land surface 
dynamics. The NDWI derived from these data enabled us to monitor changes in the water 
surface area of the Al Wahda dam. The findings from this analysis indicate that the dam 
experienced remarkable variations in water surface area, either increases (1998, 2003–2004, 
2009, and 2018) or decreases (2011 and 2016) over the period 1997–2024. In recent years, 
the evolution of the water surface area has remained relatively stable and below 90 km². 
Monitoring of Al Wahda dam shows that it is characterized by a complex dynamic, marked 
by rapid extension phases followed by abrupt decline phases. This situation can be explained 
by both climatic conditions and anthropogenic interventions. The recurrence of long-duration 
hydrological droughts (SPI-12) in the Ouergha basin has strongly affected the dam’s 
reservoir. Indeed, the most pronounced shrinkage periods of Al Wahda dam coincide with 
severe drought episodes. In addition, the high demand for water to meet the needs of irrigated 
agriculture accelerates the reduction of the water surface area, while the increased frequency 
of extreme rainfall events largely contributes to higher sedimentation rates in the dam. 
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can be explained by the spatial and temporal concentration of rainfall. The spatiotemporal 
concentration of precipitation on impermeable, steep, and poorly vegetated surfaces upstream 
of the dam contributes to a rapid rise in the dam’s water level within a very short period. 
Conversely, the transport of large quantities of eroded soils by the Ouergha wadi and its 
tributaries is a determining factor in the siltation of the dam and, consequently, in the 
reduction of its storage capacity. 

 
Fig. 5. 12-month SPI for four stations located in the Ouergha watershed over the period 1990–2023 

 The analysis of the interannual dynamics of Al Wahda Dam is very complex. Alongside 
decreasing precipitation, temperatures have shown a remarkable increase in positive 
anomalies in recent years. The correlation between the dam’s water surface area and the SPI-
12 is statistically significant, with a p-value < 0.05. This significant p-value confirms that the 
SPI-12 index, which reflects hydrological drought, is a relevant climatic indicator for 
assessing the dynamics of the Al Wahda Dam. 

Moreover, the hydrological system and socio-economic dynamics are closely 
interconnected [15]. Water availability (both surface and groundwater) is strongly influenced 
by anthropogenic activities, particularly the continuous changes in land-use practices—such 
as the extension of irrigated perimeters. The steady increase in water demand for irrigation, 
in a context of climate change, has considerably intensified pressure on dam water resources 
in Morocco and contributes to the reduction of their water surface area. In this context, the 
pressure on the water resources of the Al Wahda Dam, driven by the extension of irrigation-
based agricultural land, exacerbates the water deficit, especially during drought periods. 

 
 
 

5 Conclusion 

Remote sensing data provide an important source of information for studying land surface 
dynamics. The NDWI derived from these data enabled us to monitor changes in the water 
surface area of the Al Wahda dam. The findings from this analysis indicate that the dam 
experienced remarkable variations in water surface area, either increases (1998, 2003–2004, 
2009, and 2018) or decreases (2011 and 2016) over the period 1997–2024. In recent years, 
the evolution of the water surface area has remained relatively stable and below 90 km². 
Monitoring of Al Wahda dam shows that it is characterized by a complex dynamic, marked 
by rapid extension phases followed by abrupt decline phases. This situation can be explained 
by both climatic conditions and anthropogenic interventions. The recurrence of long-duration 
hydrological droughts (SPI-12) in the Ouergha basin has strongly affected the dam’s 
reservoir. Indeed, the most pronounced shrinkage periods of Al Wahda dam coincide with 
severe drought episodes. In addition, the high demand for water to meet the needs of irrigated 
agriculture accelerates the reduction of the water surface area, while the increased frequency 
of extreme rainfall events largely contributes to higher sedimentation rates in the dam. 
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