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EXECUTIVE SUMMARY
Background

Water resource management in Morocco is increasingly challenging; the amount of water

available per capita has declined over the past two decades, due to both the growing

population and reduced water availability, both linked to rainfall and the overexploitation of

groundwater. Droughts have been increasing in frequency over the last few decades,

contributing to volatile economic growth rates in the country. In the Souss Massa, as well as

in other river basins in the kingdom, a severe drought is now into its third year; water

withdrawals in the basin are at or exceeding capacity, causing competition between users,

which will only intensify further in future times of aridity. Users are turning to groundwater

abstraction, increasing the possibility of overexploitation of these resources. Increased

evapotranspiration rates and global warming associated with climate change will exacerbate

these trends.

The new legislative framework provided by Water Law 36-15 from 2016 clearly structures

water management and drought decision-making processes, and it determines which

agencies and other stakeholders (including civil society and private sector) must coordinate.

There is a clear delineation at the river-basin scale, with the legal framework delegating

detailed planning to agences de bassin hydraulique [river-basin agencies – ABHs]. One

difficulty that arises from the law is that the scope of management planning is not legally

mandated – for instance, it is not required to consider rain-fed and irrigated agriculture or

hydropower production and municipal supply in any specific way. As a result, management

planning differs between ABHs depending on their capability and capacity, including in

relation to available technical information such as water accounts, as well as

stakeholder-driven factors.

Souss Massa has particularly high agricultural water demand and an increasing need to

support a growing tourism industry and domestic sector demand, which increases the

challenge of balancing water resource allocation, even in normal years. During droughts, the

active Souss Massa drought management plan from 2010 focuses almost exclusively on

municipal and industrial water supply; agriculture water needs are not the top priority. It

includes tiered definitions of drought defined according to precipitation (Standard

Precipitation Index - SPI), water availability in dams and an index of water scarcity (water

exploitation index – WEI), all three of which relate to the theme of this study. The plan has

three primary components:

1. Priorititation of drinking water in terms of reallocation during droughts;

2. “Economy and sharing of the resource”, which is primarily related to demand

management;
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3. Promotion of water infrastructure development, which is related to alternative supply

measures.

Given the growing water demand against limited supplies in the Souss Massa basin, there is

an increasingly critical need to describe the water resources in a standard context, using

clear terminology and a framework that can be applied using consistent data inputs across

time. Water accounting involves quantifying how much water is in a system, where and

when it is available, its quality, demand and consumption in time and place, and how well it

is currently managed with respect to meeting those demands. Water accounting approaches

provide a framework for the systematic study of the status of, and trends in, water supply,

demand, accessibility and use, enabling the quantitative assessment of the state of the

resource in a geographic region over a particular period of time.

The framework developed by the International Water Management Institute (IWMI) and its

partners,1 referred to as Water Accounting Plus (WA+), is designed for data-scarce

environments, and relies on remote sensing data, hydrological models, and global data sets

to:

i) establish the basin water balance;

ii) calculate consistent water accounts across time and space;

iii) avoid data discrepancies between adjacent regions or across national borders;

iv) provide estimates where local data are insufficient.

At the request of the Souss Massa ABH, and with financial support from the World Bank,

IWMI has implemented the WA+ approach to quantify the water balance and assess water

use and availability across the Souss Massa basin, in order to:

i) improve understanding and management of water resources and the challenges

and opportunities to address increasing levels of water scarcity;

ii) assess the potential implications of climate change on future water resources

within the basin.

The basin water balance

A key component of water accounting involves calculation of the water balance, which

shows the balance between water inputs and outputs for a river basin. Evaluation of the

water balance is important to:

i) understand the temporal variability of the availability of water resources and to

identify periods of water shortages and excesses,

ii) determine whether a basin is facing a quantitative risk or not, to identify drought

and water scarcity situations, and to monitor unsustainable practices.

1 In partnership with IHE Delft and the Food and Agriculture Organization of the United Nations (FAO) and through the
platform www.wateraccounting.org.
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Annual summary: Water balance calculations for Souss Massa indicate that on average over

the 10-year period (2009-2019), the basin received 8.38 km3 of rainfall a year; on average

6.7 km3 was consumed through evapotranspiration processes; and on average 4.80 km3 left

the basin as outflow to the sea. The water balance on an annual scale appears to be positive,

with 80 per cent of the annual precipitation consumed on average through

evapotranspiration. However, an annual deficit in the water balance was identified for two

years (2011 and 2013). During these years the annual evapotranspiration was greater than

the annual rainfall received by the basin, and the outflow from the basin was very low

(1.35 km3 in 2011 and 1.34 km3 in 2013).

Seasonal summary: The seasonal data show that while dry-season rainfall has been

relatively stable, wet-season rainfall was highly variable over the 10-year period. During the

dry season, around 45 per cent of the precipitation contributes to basin outflows, and the

basin exhibits a negative dry-season water balance, with evapotranspiration exceeding

precipitation by as much as 65-357 per cent.

The basin response to precipitation is quick, with short lag times (less than one month)

between peak precipitation and peak outflows. This may be attributed to recent

anthropogenic activities within the basin such as urbanization, development on flood plains,

overgrazing, land clearing and deforestation. As a result of the changes, these areas are

more susceptible to flash floods from rainfall events, contributing to rapid and more

powerful run-off with less residence time that does not allow for infiltration and aquifer

recharge.

Water yield: available land use/cover maps indicate that a large portion of the basin is bare

land (60 per cent); these are the biggest run-off generation areas in the basin, receiving 61

per cent of the total rainfall, and accounting for 50 per cent of the total water consumed

through evapotranspiration across the basin. The water yield (precipitation minus

evapotranspiration) is about 34 per cent of the rainfall (4,776 mm3/year) in these areas.

Grasslands also generate run-off estimated at around 125 mm3/year. Conversely,

tagricultural land is the largest consumer of water, followed by forests and water bodies.

Agricultural land receives only 3 per cent of the total rainfall, but accounts for 7 per cent of

the water consumed through evapotranspiration across the basin.

Basin water use and availability

The water balance calculations form the input to the basin water accounts, which consist of

a series of indicators describing the water resources supply, demand and use within a basin

over a period of time, as well as the water resources available for maintaining ecological

conditions (the environmental flows) and the quantity available for further allocation.

Water availability: The water accounts show that on average, a substantial proportion of the

basin’s precipitation exits the basin as outflow into the sea, both annually (57 per cent) and
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seasonally (61 per cent in the wet season and 45 per cent in the dry season). However, most

of the outflow (>90 per cent) is categorized as non-recoverable since its quality is considered

too degraded for further use within the basin. The accounts demonstrate that almost all of

the remaining available water is already used through human withdrawals, leaving very little

water available for further allocation during the wet season and negligible amounts during

the dry season.

The environmental flow requirement was calculated as a percentage of the long-term flow;

on an annual basis this was estimated to vary between 0.13-0.65 km3. After accounting for

environmental flows and any non-utilizable flow (such as during the extreme rainfall events

in 2014; for the remainder of the time period this was negligible), the remaining water

available for use in the basin ranged from 1.45-9.24 km3 annually. Of this, 1.40-8.85 km3 was

consumed through managed processes (e.g. irrigation) on an annual basis, leaving 0-0.4 km3

for further utilization.

With demand exceeding the available water, water was taken out of storage (from combined

surface, groundwater and soil moisture sources) during each year (ranging from 2.21 km3 to

3.98 km3), indicating continual water withdrawal in the basin.

Water use: Forests and bare/degraded land cover over 25 per cent and 60 per cent of the

basin’s land surface area, respectively, and are the primary consumers of water (through

evapotranspiration), while managed processes within the basin (e.g. interventions such as

irrigation or reservoirs) contribute to 12 per cent of the total evapotranspiration. Based on

the latest available maps of agricultural land use within the basin, around 70 per cent of the

water consumed by agriculture occurs within the rain-fed cropping systems, with the

remaining 30 per cent from irrigated agriculture (2 per cent from conventional irrigation and

28 per cent from greenhouses).

Further analysis of the evapotranspiration indicates that on an annual basis, around 38 per

cent of the water consumed within the basin is through evaporation, with a large proportion

of this (76 per cent) occurring from the bare/degraded land. Within the rain-fed agricultural

areas, over half of the water consumed (63 per cent) is due to evaporation from bare soil.

This means that only 62 per cent of the water consumed is being used productively, through

transpiration contributing to vegetation growth.

Future water availability: Water accounts were generated for the 2030s and 2050s under

Representative Concentration Pathway (RCP) 8.5, based on current land use and water

demand within the basin, with results indicating that water scarcity will continue into the

future. Under this scenario, for the 2030s the projected seasonal water demand will be

unmet, requiring on average an additional 1.86 km3 in the wet season and 0.64 km3 in the

dry season. For the 2050s the projected seasonal water demand will continue to be unmet,

requiring on average an additional 1.43 km3 in the wet season and 0.60 km3 in the dry
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season. Water consumption during the dry season for the 2050s time-horizon is projected to

exceed precipitation by 6-28 per cent across the years, leading to excessive water

withdrawals during this period.

Key findings and recommended actions

● Very little water is available for allocation: After accounting for the environmental

flow requirements and any non-utilizable flow (such as during the extreme rainfall

events in 2014), the remaining water available for use in the basin ranged from

1.45 km3 to 9.24 km3 annually. Of this, 1.40-8.85 km3 was consumed through managed

processes (e.g. irrigation) on an annual basis, leaving 0-0.4 km3 for further utilization.

This means that almost all (95-99 per cent) of the available water is currently used

through human withdrawals, leaving almost no water (<0.5 km3) that can be allocated

for further uses. This is already bringing challenges for water governance and

implementation of laws and regulations.

● The annual water balance is not sustainable: This study confirms that overall, the

demand for water exceeds the sustainable supply, with the deficit provided by

groundwater. On average, over 97 per cent of the water available is consumed on an

annual basis by existing users in the basin (including the environment). Even though

there is more water available in the wet season than in the dry season, this is typically

not enough to satisfy the annual demand, and on average, an additional 3.17 km3 of

water needs to be extracted from storage (e.g. groundwater) to meet this demand.

This is equivalent to the irrigation water required to grow citrus crop in 158,500 ha of

agricultural land.2 When water is consistently taken out of storage on an annual basis

to meet demand, the water balance is not sustainable, and steps need to be taken to

manage the deficits and avoid undesirable consequences.

● Water quality is exacerbating water scarcity: A large portion of the basin outflow

(>90 per cent) is non-recoverable (i.e. unavailable for further use) due to degraded

quality.3 This suggests that water quality issues should be of major concern in the

basin. These have been attributed in previous studies to increased salinity originating

from seawater intrusion, evaporates and anthropogenic pollution from fertilizers and

wastewater, and the numerous agricultural activities within the basin. Given that

water is scarce in the basin, improving water quality would increase water availability

and contribute towards a more sustainable water balance.

● Land degradation needs to be addressed: More than half (60 per cent) of the surface

area of the basin is classified as bare land. While these areas are the biggest run-off

generation areas (1,614 mm3/year), they account for 50 per cent (3,163 mm3/year) of

the total water consumed within the basin. Addressing land degradation could

3 Based on a grey water footprint map (Lieu et al. 2012).

2 Calculated from a crop water demand of 1200 mm for citrus crop and an irrigation efficiency of 60 per cent
(www.fao.org/3/s2022e/s2022e07.htm).
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potentially reduce the severity of water scarcity within the basin and result in more

productive use of scarce water. This could be achieved through targeted interventions

to retain the rainfall, such as check dams, which can increase infiltration, contribute to

aquifer recharge and reduce sedimentation.

● Agricultural water use can be more productive: Agriculture is the largest consumer of

water within the basin. While the agricultural areas receive only 3 per cent of the total

rainfall, they account for 7 per cent of the total evapotranspiration. Within the

rain-fed agricultural areas, over half of the water consumed (63 per cent) is due to

evaporation from bare soil, and thus does not produce any output. Targeted

approaches to minimizing these losses within agricultural areas, such as seasonal

rainfall forecasting, adapting planting dates and introducing supplemental irrigation

for dry spells, could enable more productive use of the available water.

● Water scarcity will continue to increase in the future: As reflected in the water

accounts, the Souss Massa basin has experienced increasing water scarcity over the

past decade. Assessment of the water balance under future climate scenarios

indicates that with the climate extremes predicted for RCP8.5, water scarcity will

increase during the 2030s and 2050s, and issues around water quality will become

even more critical. Projected decreases in precipitation are likely to result in the basin

becoming more water limited and consequently more arid. The projected seasonal

water demand for both the 2030s and 2050s time-horizons will be unmet, requiring

on average an additional 1.86 km3 in the wet season and 0.64 km3 in the dry season

for the 2030s, and an additional 1.43 km3 in the wet season and 0.60 km3 in the dry

season for the 2050s. During the dry season, evapotranspiration is projected to

exceed precipitation by 6-28 per cent across all years, resulting in further water

withdrawals. The basin water balance will continue to be in deficit, with negligible

volumes of water available for additional (sustainable) development under the

projected climate scenario.

● Water resources monitoring and reporting: The Souss Massa is facing increasingly

critical water scarcity due to a combination of factors, including declining and highly

variable precipitation, pollution of water to the extent that it is unavailable for further

use, and increasing demand, in part through the expansion and/or intensification of

agricultural activities. Regular and consistent monitoring is critical to the sustainable

management of water resources given increasing demand across all sectors

(domestic, industry and agriculture) and changing climate conditions.

The water accounts generated for this study provide a set of baseline indicators that can

be used to identify potential measures to increase water availability and productive use

of the available water in a sustainable manner. This will be critical evidence for the Souss

Massa ABH as it continues to make difficult decisions on water allocation and related

regulation, policy and investments to manage the challenging water security conditions.

Institutional capacity development in applying the data, and acknowledgement of the

limitations of the data in policy and management contexts, will be important. Difficult

water policy, regulation and allocation decisions, as well as investment plans, need to be
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made given the state of the water balance shown by the water accounts. Defendable

evidence will be an important starting point for decision makers in these discussions.

1. Introduction

Droughts in Morocco have been increasing in frequency over the last few decades. This has

led to volatile economic growth rates in the country. In the Souss Massa as well as in other

basins in the region, a severe drought is now into its third year (2017-2020) and reservoir

water levels are low. The previous drought of 2016 had devastating effects, with a rainfall

deficit of more than 60 per cent over a large share of the country, causing a drop in national

economic growth of more than 3 per cent as a result of the decrease in agricultural

production and the cost of relief measures needed (Economist Intelligence Unit 2017). In the

preceding season (2014-2015), when there had been good rainfall, cereal production had

reached bumper levels of 11.5 million tonnes. By the end of the 2015-2016 season, figures

published by the United States Department of Agriculture Foreign Agricultural Service

showed that crop production was down to 1.86 million tonnes of common wheat, roughly

870,000 tonnes of durum wheat and 620,000 tonnes of barley, all together totalling less

than one third of the output of the 2014-2015 season.

Under such recurrent dry periods, increased water withdrawals will only lead to intensifying

competition among water users during times of drought, while global warming associated

with climate change will exacerbate the frequency of drought. With increasing water

scarcity, there is a need to quantify water resources for adequate water resources planning

using clear terms and a consistent approach.

The new legislative framework provided by Water Law 36-15 from 2016 clearly structures

water management and drought decision-making processes, and it determines which

agencies and other stakeholders (including the civil society and the private sector) must

coordinate. There is a clear delineation at the river-basin scale, with the legal framework

delegating detailed planning to agences de bassin hydraulique [river-basin agencies – ABHs].

One difficulty that arises from the law is that the scope of management planning is not

legally mandated – for instance, it is not required to integrate consideration of rain-fed and

irrigated agriculture or hydropower production and municipal supply in any specific way.

As a result, management planning differs between ABHs depending on their capability and

capacity, including in relation to available technical information such as water accounts, as

well as stakeholder-driven factors. In Morocco, as in many parts of the world, operational

water resource assessments and reporting systems are in their infancy, in part due to the

lack of monitoring networks and access to water resource data.

The overall goal of the project is thus to address this information gap and provide a baseline

understanding of water resources in the Souss Massa river basin over the past decade, as

well as improve understanding of the potential implications of future climate conditions on
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the basin’s water. This has been achieved by implementing a water accounting approach to

quantify the water balance, water use and water availability in the Souss Massa river basin in

the recent past, as well as under future climate conditions. The Water Accounting Plus

(WA+) approach developed by the International Water Management Institute (IWMI) and

partners4 has been chosen for this purpose.

This information is critical to support water resource managers in the ABH, and other

stakeholders, to make challenging water allocation and related water policy, regulation and

investment decisions. In parallel, institutional capacity development in appropriate data

application in those management and planning processes is important.

2. Background

2.1 The Souss Massa river basin

The Souss Massa river basin, located in south-western Morocco, drains an area of

27,000 km2 and is one of the country’s most important hydrological basins (Figure 1). The

basin is bounded by the Anti-Atlas Mountains in the south, the High Atlas Mountains in the

north, the Siroua Massif in the east and the Atlantic Ocean in the west (Hssaisoune et al.

2016). Elevations in the catchment range from sea level at the outlet to the Atlantic Ocean,

to over 4,100 m, with about 21 per cent of the basin located in the plains (5,700 km2) and

about 79 per cent in the mountainous area.

The basin name “Souss Massa” is derived from its two major rivers: the Souss River in the

north and the Massa River in the south (Marieme et al. 2017). The Souss River originates in

the High Atlas Mountains while the Massa River originates in the Anti-Atlas Mountains. Both

rivers are characterized by strong seasonal and inter-annual conditions, with the maximum

inflows occurring in January, February and March, and the minimum in August (Marieme et

al. 2017). Due to the typically long dry seasons, the rivers have an intermittent flow regime.

The basin has a typical semi-arid to arid climate, with average rainfall between

250-300 mm/year in the plains to approximately 500-600 mm/year in the mountains

(Bouchaou et al. 2014). The annual mean temperature ranges from 14oC to 20oC in the

plains, and from 14oC to 18oC in the mountains. The rainfall periods are typically from

November to March while the dry season can extend for up to seven months (April to

October).

Morocco and the Middle East and North Africa (MENA) region have long been associated

with recurrent droughts, primarily due to the climate (Zbiri et al. 2019; Verner et al. 2018).

These have increased in terms of both frequency and intensity over the last three decades

(Verner et al. 2018; Rocha Magalhães 2014) and are expected to intensify under extreme

weather conditions predicted in the future. Rainfall in the Souss Massa has been decreasing

4 IHE-Delft and the Food and Agriculture Organization of the United Nations (FAO).
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since the 1970s (Abahous et al. 2018). This has been linked to a general decline in

surface-water availability in the basin (Roman and Ait Hssaine 2016).

Figure 1. Souss Massa river basin: location (left panel), topography and stream network

(right panel)

The basin is densely populated (Milewski et al. 2020), with 2.56 million people counted in

the 2014 census and an average growth rate of 1.4 per cent per year (Choukr-Allah et al.

2016), of which a large majority (55 per cent) live in rural areas. The population is projected

to increase to over 3.31 million by 2030 (Abahous et al. 2020). The increasing population,

coupled with an increasingly variable climate, has resulted in severe competition for water

among users (Bouchaou et al. 2014). The basin has experienced significant agricultural

expansion, urbanization and modification and degradation of the natural vegetation over the

past 3-4 decades, while significant overexploitation of groundwater resources and the

increasingly variable climate has resulted in decreases in water levels and reduced water

supply (Hssaisoune et al. 2016; Elmouden et al. 2016). Continual decline in water quality

from saline intrusion, excessive siltation, anthropogenic pollution from fertilizers and

wastewater, and erosion are thought to be major contributors to degradation of water

quality in the basin (Hssaisoune et al. 2016; Boudarfa et al. 2020; Bouchaou et al. 2011), and

various studies have documented the effects of erosion process and increasing siltation on

water resources within the basin (Elmouden et al. 2016; Peter and Ries 2013; Peter et al.

2014).

Given these challenges, there is a need for a comprehensive understanding of water

resource use and availability for an integrated approach to the management of the basin’s

water resources, in order to meet the growing demand of the competing users in the basin

while ensuring protection under changing climate and land-use conditions.
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2.2 Water accounting

Water accounting approaches quantify how much water is in a system, where and when it is

available, its quality, how much is demanded and consumed in time and place, and how well

it is currently managed with respect to meeting those demands.

Various water accounting frameworks exist but typically require numerous national-level

statistics and data sets that, when available, are fragmented and inconsistent. These

approaches focus on the flows in rivers, canals and utilities, and often do not consider the

key biophysical processes in the natural part of watersheds that generate renewable water

resources. Incomplete and/or inaccessible stream flow data is a fundamental problem in

understanding hydrological processes and managed water use, and is one of the

underpinning reasons for the absence of operational national-level water accounting

systems.

Addressing this gap, WA+ is designed for use in data-scarce basins: it is not reliant on

national-level statistics or flow data and characterizes the basin water balance and overall

water resources situation for locations where hydrological monitoring networks are scarce.

The approach uses open-access inputs, with a focus on remote sensing data sets to compute

the water balance (also referred to as a water budget, this describes the balance between

water inputs and outputs) for a river basin or watershed.

Implementation of the WA+ framework involves automated collection, preprocessing and

computation of the water balance for a river basin and its subbasins through the WA+

Toolbox (Figure 2). The framework consists of five main steps to calculate and present the

water accounts: i) data download and preprocessing, ii) water balance modelling, iii)

calibration/validation of outputs, iv) generation of water accounts, and v) interpretation and

presentation of results (Figure 1).

Figure 2. The WA+ Toolbox: main processing modules

In the initial data preparation step, various remote sensing data sets and tabular data are

acquired from different sources. These data are then prepared for input and analysed to

select the most representative for the basin of interest. This involves comparison with
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available in situ data, and any calibration needed to address systematic errors in the

remotely sensed data.

In the second step, the hydrological variability of the basin is characterized by computing

various water balance indicators across the watershed using a water balance model.

Assessment of the water balance is the core component of the approach; water balance

equations are used to describe the flow of water in and out of a system. In the WA+

approach, the water balance equation is calculated following Equation 1. The change in

water storage (ΔS) within a river basin (or subbasin) is calculated over a monitoring period

(Δt) as the difference between the incoming and outgoing water flows. The incoming flows

consist of rainfall (precipitation – P) and inflows (Qin), and the outgoing flows consist of

evapotranspiration5 (ET) and outflows (Qout).

∆𝑆
∆𝑡  = 𝑃 + 𝑄

𝑖𝑛( ) − 𝐸𝑇 − 𝑄
𝑜𝑢𝑡( ) (1)

Precipitation and evaporation data are extracted from various remote sensing data sets;

data on inflows and outflows are acquired from national databases.

In the third step, the water balance results are validated and the model is calibrated by

comparing the water balance parameters with in situ data. Following this, basin-wide water

balance indicators are presented for each major land-use class (for example agriculture,

forests) through a series of water accounts.

Definitions of the water accounting indicators and a full description of the computational

steps are provided in Appendix A and B, respectively.

3. Analytical framework: input data sets

The first step in the water accounting assessment involves the collection of remote sensing,

geospatial and other data sets. These were acquired from several sources, preprocessed and

reorganized into a consistent projection and resolution for input into the WA+ framework.

The full list of data sets used and their sources are provided in Appendix C.

3.1 Satellite data

Land use, precipitation and ET are the major drivers of the hydrologic cycle and as a result

are critical for the accurate representation of the water balance hence these are briefly

discussed.

5 Evapotranspiration is the process by which water is transferred from the land to the atmosphere by evaporation
from the soil and other surfaces, and by transpiration from plants.
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3.1.1 Land use

A number of publicly available land-use data sets were identified for the basin. We

downloaded the Climate Change Initiate (CCI) prototype and Water Productivity

Open-access portal (WaPOR) land-use maps for Africa from their respective repositories. The

CCI prototype land-use map is a 20 m resolution map for 2016 with 10 major land-use

classifications. The WaPOR database contains yearly land-use data from 2009 to present at a

100 m resolution and distinguishes between rain-fed areas and irrigated areas. In addition to

the global data sets, two locally generated land-use data sets were available for the region:

i) a land-use map for 2013 provided by the Sous Massa ABH which covers the

agricultural lowland plains of the Souss Massa watershed and consists of 13 of

the major crops and water bodies (Figure 3A);

ii) a more detailed land-use map for the Souss Massa area detailing 27 individual

land-use classes and covering about two thirds of the basin generated by

Bouaakkaz et al. (2020) (Figure 3B).

As the second map covered a majority portion of the watershed and contained more

detailed land-use classes, it was used as the base data and combined with the first to

generate a comprehensive land-use map for the basin. First, both the high-resolution

land-use map and the Sous Massa ABH land-use data sets were reclassified into a consistent

classification system. Agricultural areas in both data sets were generalized using the FAO

Indicative Crop Classification (ICC) system (2015). Agricultural areas with no information in

the high-resolution data were filled with the ABH data. The remaining portion of the

combined data where no information was available for either land-use map were then filled

with the WaPOR land-use data to obtain a final land-use map. Finally, the combined map

was overlaid with the United Nations Environment Programme World Conservation

Monitoring Centre (UNEP-WCMC) and International Union for Conservation of Nature (IUCN)

protected area map for 2020 (UNEP-WCMC and IUCN 2020) and areas that were located

within the protected zones were reclassified as the corresponding protected land-use class

(Figure4).
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Figure 3. Land use and land cover in the major agricultural areas of the Souss Massa river

basin in 2013 (A); land cover map covering part of the basin in 2015 (B). Source: Souss Massa

ABH and Bouaakkaz et al. (2020).

Figure 4. Land-use land cover map compiled for the Souss Massa river basin
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The land-use land cover data were converted to a suitable format for the WA+ framework

comprising 80 possible unique land- and water-use classes. The WA+ methodology employs

four general land- and water-use categories to describe areas of specific management

practices:

1. Protected land use: land-use classes where no change in land and/or water

management is possible or advisable. These include national parks, rainforests and

wetlands.

2. Utilized land use: areas with limited human influence. These include forest, natural

pastures, savannahs and deserts.

3. Managed water use: land-use classes in which water is purposefully withdrawn

from surface-water or groundwater sources. These include irrigation schemes or

reservoirs for hydropower.

4. Modified land use: land-use classes that are significantly modified by human

activities, usually for food, feed, fibre, biofuels and fish production.

Land use in the Souss Massa is primarily categorized as “utilized”, comprising 60 per cent

bare land, 25 per cent forests, 5 per cent grassland and 2 per cent water. Modified land-use

categories (rain-fed agriculture) and managed water-use areas occur in 3 per cent of the

basin, while around 2 per cent of the basin consists of protected areas (Table 1).

Table 1. Distribution of major water and land-use categories in the Souss Massa river basin

Water management class Land and water use
Area

km2 per
cent

Protected land use Forest, grasslands, other 402 2

Utilized land use Bare soil, forests, grassland, water 24,092 92

Modified land use Rain-fed agriculture 867 3

Managed water use Irrigated agriculture 804 3

Total  26,165 100

3.1.2 Precipitation

A number of globally available gridded precipitation data sets cover the region. We

considered the following commonly used rainfall products that have been shown to have

good performance across Africa and the region (Saouabe et al. 2020):

1. The Multi-Source Weighted-Ensemble Precipitation (MSWEP) data set is produced by

merging different types of rainfall data types including rain gauge measurements,

satellite observations and estimates from atmospheric models, and provides

three-hourly rainfall data at 0.1o spatial resolution which is available for 1979-2017

(Beck et al. 2019).
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2. The Integrated Multi-satellitE Retrievals for Global Precipitation Measurement

(IMERG) uses estimates from multiple satellites along with gauged rainfall data to

provide precipitation estimates at subhourly, daily and monthly timescales and 0.1o

spatial resolution, available from June 2000 to the present.

3. The Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) precipitation

data set combines long-term monthly mean station data with satellite data to

generate gridded maps of rainfall estimates (Funk et al. 2015). These are available

from 1981 to the present at six-hourly to three-monthly intervals and a spatial

resolution of 0.05o.

4. ERA5-Land is the higher-resolution European Center for Medium-range Weather

Forecasts (ECMWF) reanalysis data set providing trends in various land variables.

ERA5-Land was derived from the land component of the ECMWF ERA5 climate

reanalysis model. The data are available from 1981 to the present with a

three-month delay and a spatial resolution of 9 km.

3.1.3 Evapotranspiration

A number of global-scale remote sensing-based evapotranspiration products exist, including:

1. WaPOR, which has data at a 250 m spatial resolution available on a decadal (every 10

days), monthly and annual basis from 2009 to the present.

2. The Moderate Resolution Imaging Spectroradiometer (MODIS) global terrestrial

evapotranspiration product (MOD16), which uses daily meteorological data as input

to calculate evapotranspiration at 500 m resolution every eight days (Mu, Zhao and

Running 2011). The data cover 2000 to the present.

3. Operational Simplified Surface Energy Balance (SSEBop), which has 1 km spatial

resolution data available from 2001 to the present (Senay et al. 2007).

4. Ensemble ET6 is a composite evapotranspiration product that combines seven

evapotranspiration products at 250 m resolution. It is available on a monthly basis

from 2004 to 2014 (IHE Delft Institute for Water Education 2020).

Data from all four products were downloaded for comparison and use in the water

accounting implementation covering the period 2009-2019.

3.2 Gauged data

In addition to the remote sensing data, a number of local data sets were identified and

requested from local agencies. These data were incorporated directly in the WA+ framework

where possible and/or were used for calibration/validation, bias correction and the selection

of representative remote sensing data sets. Precipitation, streamflow and evaporation for

various stations within the basin were obtained from the ABH and the Office Régional de

Mise en Valeur Agricole du Souss Massa [Regional Agricultural Development Office of Souss

6 Available at ftp://ftp.wateraccounting.unesco- ihe.org/WaterAccounting_Guest/ETensV1.0/.
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Massa – ORMVA SM]. After quality control7 and accounting for the period of analysis and

missing data, the following were available for use in the water accounting application (see

Figure 5):

1. Precipitation data from 22 stations covering different time periods between 2009 to

the end of 2020;

2. Evaporation data from seven stations from 2002 to the end of 2016;

3. Streamflow data from 19 stations from 1977 to 2019 (40 per cent only covered the

period up to 2009, eight stations covered the period up to 2016, and only one station

had data until 2019). Historic streamflow for two locations, Ait Melloul and Pont

Taroudant, and the corresponding data are shown in Figure 6 (see Appendix D for

graphs of streamflow from other stations).

Additional data (agrometeorological data sets consisting of precipitation, evaporation,

relative humidit, and wind speed used to validate and select appropriate remote

sensing-based rainfall product) for five stations over the period 2014-2019 were sourced

from the Association Agrotechnologies du Souss Massa [Souss Massa Agrotechnologies

Association – Agrotech SM] Souss Massa smart irrigation project of 2020 (AgroTech 2020).

The rainfall products were evaluated by comparing the satellite precipitation measurements

with the gauged rainfall data. Accuracy was assessed by computing a number of statistical

tests including the coefficient of determination (R2) and Pearson’s correlation coefficient (r),

index of agreement (d), coefficient of persistence (cp) and the Kling-Gupta efficiency (KGE). A

full description of the validation procedure is described in Appendix E.

7 Quality control of the various data sets was a challenge since some of these data were missing several days’ or
months’ worth of data (1-91 per cent of the data).

25



Figure 5. Souss Massa river basin showing the stream network and selected gauging stations.

Station numbers on the map correspond to those in Table 2. Source: Souss Massa ABH,

ORMVA SM and AgroTech SM. Acronyms: ET = evapotranspiration.

Table 2. Selected gauge station locations for the Souss Massa river basin. Station numbers

correspond to those in Figure 6.

No. Name Latitude Longitude Parameter
Time
step

Missing
rainfall
data (%)

Missing
flow data
(%)

1 Tamri -9.8087 30.7107 Flow/rainfall Daily 2 27
2 Imi Miki -9.6519 30.5246 Flow/rainfall Daily 0 27

3
Bge My
Abdellah -9.6899 30.7625 Et Daily - -

4
Ait
Melloul -9.4921 30.3621 Flow/rainfall Daily 29 9

5

Bge
Abdelmo
umen -9.2014 30.6788 Rainfall/ET Daily 14 -

6
Bge
Dkhila -9.2202 30.6734 Rainfall/ET Daily 9 -

7
Bge Imi
Elkheng -8.5336 30.6698 Rainfall/ET Daily 1 -
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8

Bge
Mokhtar
Soussi -7.9806 30.7386 Rainfall Daily 1 -

9 Aguenza -9.1613 30.7467 Flow/rainfall Daily 14 27

10
Immergu
en -8.0208 30.6013 Flow/rainfall Daily 9 27

11 Amsoul -9.0715 30.8461 Flow/rainfall Daily 11 45
12 Lemdad -8.3078 30.7667 Flow/rainfall Daily 25 91
13 Taliouine -7.9084 30.5297 Flow/rainfall Daily 5 90

14

Pont
Taroudan
t -8.8978 30.4335 Flow/rainfall Daily 1 64

15
Pont
Aoulouz -8.1577 30.6978 Rainfall/ET Daily 13 -

16 Iguidi -7.9042 30.8472 Flow/rainfall Daily 2 45

17
Amaghou
z -9.1925 29.7291

Flow/rainfall
/ET Daily 6 27

18 Ouijjane -9.5107 29.6168 Flow/rainfall Daily 12 27
19 Bge YBT -9.4960 29.8479 Rainfall/ET Daily 17 -

20
Bge ahl
Souss -9.1299 30.0561 Rainfall/ET Daily 11 -

21 Talaint -9.6964 29.5240 Flow Daily - 91
22 Nguerf -9.2828 29.8758 Rainfall Daily 5 -
23 Tassila -9.4417 30.9547 Flow/rainfall Daily 1 91

24
Bge
Aoulouz -8.1382 30.6931 Rainfall/ET Daily 15 -

25

Meteo
Aitmellou
l Iavcha -9.4767 30.3509 Rainfall/ET Daily 0 -

26

Meteo
Aoulouz
Delasuss -8.2549 30.6550 Rainfall/ET Daily 0 -

27

Meteo
Elguerda
n DAK -8.9879 30.3587 Rainfall/ET Daily 0 -

28
Meteo
SOEMA -9.3637 30.1729 Rainfall/ET Daily 0 -

29

Meteo
Qualipri
me 19 -9.4739 30.2523 Rainfall/ET Daily 0 -
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Figure 6. Historical monthly flows at the Ait Melloul (A) and Pont Taroudant (B) stations in

the Souss Massa river basin

Analysis of the long-term (1981-2019) average monthly rainfall over the basin (Figure 7)

shows a bimodal distribution, with the rainfall season occurring from October to April, with

peaks of approximately 56 mm/month in November and 46 mm/month in March. The dry

season runs from May to September with the lowest monthly rainfall occurring in July.
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Figure 7. Average monthly rainfall over the Souss Massa river basin (2009-2019). Source:

Souss Massa ABH, 2020.

3.3 Validation results

The various satellite-based rainfall products show mixed performance when compared with

the station measurements (Figure 8, Figure 9 and Appendix E). The products selected for the

water accounting application are shown in Table 3. On average, ERA5-Land performed the

best with a basin-wide average KGE of 0.49, R2 of 0.69, d of 0.86 and cp of 0.72. While

previous studies have found CHIRPS to better agree with rain gauge data in semi-arid regions

(e.g. [28]), across the various stations located within the Souss Massa CHIRPS does not

perform as well (KGE = 0.39, R2 = 0.59, d = 79 and cp = 0.71), consistently under-predicting at

some stations and consistently over-predicting at others (Figure 8 and Figure 9). MSWEP

performed moderately well (KGE = 0.47, R2 = 0.69, d = 88 and cp = 0.7). However, since this

data set is only available until 2017, ERA5-Land was selected as the rainfall product of choice

(Table 3).

Table 3. Final selected remote sensing products for water accounting

Product Parameter Average performance

ERA5-Land Rainfall KGE = 0.49, R2 = 0.69, d = 0.86, cp = 0.72

WaPOR ET ET KGE = 0.62, R2 = 0.71, d = 0.87, cp = 0.33
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Figure 8. Comparison of remote sensing-based rainfall products with rain gauge data at

Tassila
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Figure 9. Comparison of remote sensing-based rainfall product with gauge data at the Meteo

Aoulouz Delasuss station

3.4 Evapotranspiration

Measured evaporation data across seven stations in the basin were used in the validation of

the satellite-derived evapotranspiration products. The evaporation data are mainly pan

evaporation measurements which would be comparable to the potential evapotranspiration

(PET)8 under unlimited water conditions (Figure 10). However, the measured evaporation

data cannot be directly compared to the remote sensing-based actual evapotranspiration

data. As such, we derived the evaporative fraction (EF) which describes the relationship

between the potential evapotranspiration and evapotranspiration as:

𝐸𝐹
𝑠𝑡𝑎𝑡𝑖𝑜𝑛

=
𝐸𝑇

𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒

𝐸
𝑠𝑡𝑎𝑡𝑖𝑜𝑛

 
(2)

8 Potential evapotranspiration is the amount of water that would be evaporated and transpired by a specific crop
or ecosystem if there were sufficient water available.
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𝐸𝐹
𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒

=
𝐸𝑇

𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒

𝑃𝐸𝑇
𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒

 
(3)

Figure 10. Comparison of pan evaporation and remote sensing-based potential

evapotranspiration at various stations in the Souss Massa river basin

The evapotranspiration products were selected based on an analysis of the relationship
between the data following Equations 10 and 11. Both MOD16 and Ensemble ET performed
moderately well compared with the station data (basin average KGE = 0.68 and 0.61, R2 =
0.65 and 0.90, d = 0.89 and 0.94, cp = 0.49 and 0.57, respectively). However, Ensemble ET is
only available up to 2015. SSEBop performed the worst, with KGE = 0.42, R2 = 0.41 and cp =
0.03. In addition, annual plots of evapotranspiration for the various outputs show that
SSEBop estimates rather high evapotranspiration values for the basin, ranging between 241
and 411 mm/year, whereas MOD16 estimates relatively low evapotranspiration values
(99-175 mm/year) (Figure 12). Therefore, WaPOR was selected as the representative
evapotranspiration product to be used with the basin based on overall performance (basin
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average KGE = 0.62, R2 = 0.71, d = 0.87, cp = 0.33; Table 3). The annual values were
confirmed as typical values by local experts with knowledge of the climate of the basin.

The greenhouses posed a challenge for use within the WA+ framework. Since

evapotranspiration from these regions id not captured by satellite-derived

evapotranspiration data sets, we used a statistical methodology to estimate greenhouse

water consumption based on external potential evapotranspiration conditions. Assuming

unlimited water delivery in the greenhouses, greenhouse evapotranspiration would

approach potential evapotranspiration. A literature review indicates that evapotranspiration

within greenhouses typically ranges from 60 to 80 per cent of potential evapotranspiration

(Jaafar and Ahmad 2019; Orgaz et al. 2005). The land-use map indicates that greenhouses

occupy an area of about 170 km2 in the basin. To determine the threshold percentage of the

potential evapotranspiration to be used, we optimized the empirical relationships between

the mean evapotranspiration and standard deviation (SD) of evapotranspiration in these

greenhouse zones with the corresponding potential evapotranspiration in these zones to

satisfy:

𝑋 𝑝𝑒𝑟 𝑐𝑒𝑛𝑡 𝑜𝑓 𝑃𝐸𝑇 = 𝑚𝑒𝑎𝑛 ±𝑛𝑆𝐷( ) *  𝐸𝑇 (4)

where n = 1, 2, 3 (etc.) and X varies from 60 to 80 per cent. Equation 4 met this requirement

for n = -2 and X = 70 per cent with a high degree of correlation (R2 = 0.97; Figure 13).

Therefore, for greenhouse zones, we modified the monthly evapotranspiration to be 70 per

cent of the potential evapotranspiration values in these areas.
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Figure 11. Comparison of different evapotranspiration products against reference

evapotranspiration for the Bge Aoulouz station. Note: ETref = reference evapotranspiration

for the Bge Aoulouz station.
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Figure 12. Comparison of annual estimates of different evapotranspiration products in Souss

Massa

Figure 13. Comparison of the mean and standard deviation (SD) of evapotranspiration and

potential evapotranspiration values at greenhouses locations in Souss Massa

4. Precipitation, evapotranspiration and water yield

The average monthly rainfall pattern over the basin shows a bimodal distribution with peaks

occurring in November (around 48 mm) and February/March (around 43 mm/month of
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rainfall; Figure 14). Analysis of the annual rainfall data shows that over half of the years in

the last decade experienced rainfall totals below the 10-year mean annual value of 305 mm.

The majority of these below-average conditions have occurred within the last five years.

While dry-season rainfall has been relatively stable over the last decade, wet-season rainfall

has been highly variable, contributing to the water scarcity experienced during this period

(Figure 14).

Rainfall distribution is relatively uniform across the basin, with 10-year average annual

values around 300 mm/year. However, the northern part of the basin experiences higher

rainfall amounts which can vary up to annual values of 500 mm/year (Figure 15). The

inter-annual and inter-seasonal variability of rainfall is high (40-85 per cent coefficient of

variation), suggesting much change in dry- and wet-season total rainfall year on year.

Unlike rainfall, monthly ET over the basin approximates a normal distribution with peaks of

about 30 mm/month in July and August (Figure 16). The lowest ET typically occurs in the

month of January at about 12 mm/month. Over the past decade, with the exception of a few

years, the dry-season ET has been relatively stable while the wet season ET has exhibited

greater variability. The spatial distribution of ET shows that the higher values occur in the

northern section of the basin. The inter-annual and inter-seasonal variability is lower in this

region with only a few isolated areas experiencing higher variability (Figure 17).

Water yield, calculated as the difference between precipitation and ET (P–ET) for the period

2009-2019 is presented in Figure 18. The water yield map allows the identification of areas

that might be run-off source areas where rainfall is in excess (greater than ET) and sink areas

where excess water is consumed relative to rainfall. In the Souss Massa, the water yield

ranges from over -500 mm/year from open water (where ET is higher than P) to over

400 mm/year in the northern part of the basin (where P is higher than ET).

According to the available land use/cover maps, a large portion of the basin is bare land (60

per cent); these areas are the biggest run-off generation areas (1,614 mm3/year; Table 4).

They receive 61 per cent of the total rainfall, and account for 50 per cent of the total ET

consumed across the basin. The water yield (P – ET) is about 34 per cent of the rainfall

(4,776 mm3/year) in this area. Grassland areas also generate run-off estimated at around

125 mm3/year. Conversely, the agricultural areas are the largest consumers, followed by

forests and waterbodies. While the agricultural areas receive only 3 per cent of the total

rainfall, they consume about 7 per cent of the total ET.
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Figure 14. Long-term (2009-2019) monthly, annual and seasonal rainfall over the Sous Massa

Basin. Note: Annual values correspond to the hydrologic year from September to August.

The dry season occurs between May and September and the wet season between October

and April.
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Figure 15. Spatial distribution of annual, wet- and dry-season precipitation (top row),

inter-annual and inter-seasonal variability (bottom row), 2009-2019
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Figure 16. Long-term (2009-2019) monthly, annual and seasonal evapotranspiration over the

Sous Massa river basin. Note: Annual values correspond to the hydrologic year from

September to August. The dry season occurs between May and September and the wet

season between October and April.
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Figure 17. Spatial distribution of annual, wet- and dry-season evapotranspiration (top row),

inter-annual and inter-seasonal variability (bottom row), 2009-2019

Figure 18. Spatial distribution of water yield (the difference between precipitation and

evapotranspiration) for the annual, wet- and dry-season periods, 2009-2019
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Table 4. Annual average precipitation, evapotranspiration and water yield (P – ET) for 2009-2019 for land-use categories >1 km2

Water
management class

Land and water use
Area P ET P – ET P ET

P –
ET

km2 % (mm/year) (mm3/year)

Protected land use

Protected forests 59 0.23 287 256 31 17 15 2

Protected natural grasslands 46 0.18 222 165 57 10 8 3

Protected natural waterbodies 11 0.04 290 550 -260 3 6 -3

Protected other 285 1.09 289 169 120 82 48 34

Utilized land use

Closed deciduous forest 141 0.54 285 595 -310 40 84 -44

Closed evergreen forest 1,502 5.74 325 369 -44 488 554 -66

Open evergreen forest 4,788 18.30 322 316 6
1,54
1

1,51
4

27

Meadows, open grassland 1,397 5.34 253 163 90 353 228 125

Streams and rivers 394 1.51 295 239 56 116 94 22

Natural lakes 3 0.01 289 866 -578 1 2 -1

Bare soil 15,866 60.64 301 199 102
4,77
6

3,16
2

1,614

Modified land use

Rain-fed forest plantations 25 0.09 241 110 131 6 3 3

Rain-fed crops – cereals 161 0.62 284 446 -163 46 72 -26

Rain-fed crops – fruit and nuts 293 1.12 284 716 -431 83 210 -126

Rain-fed crops – vegetables/
melons

56 0.22 269 225 44 15 13 2

Rain-fed crops – oilseed 154 0.59 290 320 -30 45 49 -5

Rain-fed crops – other 101 0.39 249 172 77 25 17 8

Rural paved surfaces 77 0.30 293 277 16 23 21 1

Managed land use

Irrigated crops – cereals 18 0.07 269 161 108 5 3 2

Irrigated crops vegetables/
melons

70 0.27 247 267 -20 17 19 -1

Managed waterbodies 22 0.08 297 818 -521 6 18 -11

Greenhouses – indoor 170 0.65 275 292 -18 47 50 -3

Urban paved surface 509 1.94 274 170 103 139 87 53

Evaporation ponds 14 0.05 312 642 -329 4 9 -5
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5. Water balance modelling

The pixel-based water balance model is part of the WA+ Toolbox and is summarized in Figure

19. First, streamflow was calibrated and validated at the four furthest-downstream stations

(Tamri – station ID 1, Imi Miki – station ID 2, Ait Melloul – station ID 4 and Ouijjane station –

ID 18; Figure 5) using GR6J, a lumped9 rainfall-run-off model that converts areal rainfall and

PET into simulated streamflow. Model parameters include three storage terms, groundwater

exchange coefficient, inter-catchment exchange coefficient and a unit hydrograph time

parameter.

The monthly time series version of the model was calibrated by optimizing the model

parameters iteratively for the flow time series. Once the model was calibrated, it was used

to generate the full-time series of streamflow for the study period 2009-2019 at each

station. The GR6J model performance was evaluated using a number of statistical metrics

(see section 9.1). The streamflow outputs at each station were then aggregated using the

area-ratio regionalization approach to derive the total streamflow out of the basin.

The model was run for the period 2000-2019, with the first five years used for “model

warm-up”. Outputs from the GR6J model then served as input to the pixel-based water

balance model which was run for the period 2009-2019, with the first few months used for

“model warm-up”. The model was used to generate the water accounts for the basin under

current conditions and future climate scenarios. The full computational procedure is

described in Appendix B.

9 Lumped models treat the catchment area as a single homogenous unit and disregard the spatial variability of
catchment characteristics by averaging values over the catchment area. Run-off is calculated at the outlet of the
catchment.
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Figure 19. The water balance modelling workflow used in the WA+ framework
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6. Implementing the WA+ framework under future climate scenarios

The model calibrated for current climate conditions was used to generate water accounts

under future climate scenarios. Precipitation and temperature data from the climate

modelling project (Center for Mediterranean Integration et al. 2021) formed the basis for

the future water balance assessment. The primary WA+ input data required for this are the

projected scenarios for P, PET and actual ET. The bias-corrected climate data consisted of the

nine global circulation model (GCM)/regional circulation model (RCM) combinations which

were used to generate an ensemble mean for two Representative Concentration Pathways

(RCP4.5 and RCP8.5) and three time-horizons:

● 2020-2040 (2030) representing the short-term (near-future) climate

● 2050-2070 (2060) representing the medium-term (mid-future) climate

● 2070-2090 (2080) representing the long-term (far-future) climate.

Consultations with the project team and stakeholders indicated there was no particular

preference for individual climate change scenarios selected, while there was an interest in

obtaining data for all the possible scenarios. The WA+ modelling is an intensive process;

given project resource constraints for the water accounting activity, WA+ was implemented

for RCP8.5 over the 2030 and 2050 time-horizons, representing the evolution of the extreme

scenario.

The projected data consisted of daily time series of P, temperature (minimum and

maximum) and downward shortwave radiation. Projected ET data were not readily available

in a consistent format from all climate models; future PET was thus derived using the

projected temperature (daily maximum, minimum and mean) and P following the

methodology described by Droogers and Allen (2002). The modified Hargreaves approach

(Equation 13) was applied to the projected P and temperature data to generate future

projections of potential PET at the various time-horizons and RCP scenarios using:

𝑃𝐸𝑇
,

=  0. 0013 *  𝑆 
0

*  𝑇
𝑎𝑣𝑔

 +  17. 0( ) *  (𝑇𝐷
𝑗
 −  0. 0123𝑃

𝑗
)0.76 (5)

where Tavg is monthly temperature (oC), TDj is the difference between mean daily maximum

and minimum temperature (oC), Pj is monthly precipitation (mm) and S0 is the mean water

equivalent for extraterrestrial solar radiation (mm per day).

Current climate data (ET and PET from WaPOR, and precipitation from ERA5-Land database)

were used to derive a relationship between precipitation, ET and PET under current

conditions following the methodology of Gunkel and Lange (2017):

𝐸𝑇
𝑃 = 1 + 𝑃𝐸𝑇

𝑃 −  1 + 𝑃𝐸𝑇
𝑃( )𝑤

 ⎡⎢⎣
⎤⎥⎦

1
𝑤 (6)
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Equation 14 was calibrated for a best-fitting w parameter value of 1.8, which is consistent

with literature-suggested values of 1.3-1.8 for drier basins (Yang et al. 2007), and used to

derive maps of ET under climate-projected PET and precipitation data from the RCM

ensemble.

6.1 Projected climate scenarios

Figure 20 shows the bimodal distribution of precipitation for the baseline period and future

time-horizons, with the maximum values occurring in the months of November to December

and February to March, and the minimum in July. The 2030 time-horizon is projected to have

earlier peak rainfall (October) than the baseline (November to December), whereas the

2050 time-horizon’s peak rainfall seasons are similar to the baseline (December and March).

Figure 20. Comparison of monthly mean precipitation between the baseline period

(1981-2005) and projected values for 2030 and 2050 time-horizons under RCP8.5 for an

ensemble mean of nine RCMs

Overall, rainfall over the Souss Massa river basin is projected to follow a decreasing trend

under future conditions for both time-horizons (Table 5). The difference between baseline

and RCP 2030 and 2050 is significant during the wet season (October to April) with

decreases of 14 per cent in 2030 and 27 per cent in 2050 under the RCP8.5 scenario. Rainfall

is projected to increase slightly by 3 per cent in 2030, but decreases by approximately 10 per

cent during the dry seasons (May to September). The mean annual decrease in precipitation

compared to baseline during this period is 12 per cent by 2030 and 25 per cent by 2050.

Spatially, the largest change in precipitation totals is projected to occur in the northern part

of the basin under both time-horizons (Figure 21), but the increased reduction during the
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2050 time-horizon is evident. It should be noted that the baseline period (1981-2005) most

likely already includes some degree of climate change signal, as indicated by the observed

droughts and floods within the basin during that time.

The climate projections also suggest a decline in ET into the future for the Souss Massa river

basin under the higher emissions pathway (RCP8.5; Table 6). Based on the modified

Hargreaves approach, PET is projected to decrease slightly during the 2030 time-horizon but

to increase by the 2050 horizon. The trend in decreasing ET appears to correlate strongly

with decreases in precipitation projected for the basin. As a result, even though there is

greater potential for ET in the future, precipitation continues to limit ET. This implies that

decreases in precipitation may result in the basin becoming more water limited and

consequently more arid under this scenario. Areas projected to experience the largest

reductions in ET primarily include agricultural areas, forests and areas along the streams and

waterbodies (Figure 22 and Figure 3). Meanwhile, bare-land areas are projected to have

more ET than the baseline. There is very little variability in the spatial distribution in ET

between the baseline and both time periods.

Table 5. Comparison of projected seasonal and annual precipitation totals with the baseline

for RCP8.5 2030 and 2050 time-horizons

Period Baseline (1981-2005)
RCP8.5

2030 2050

Wet season (mm) 231.2 199.1 168.7
Dry season (mm) 38.1 39.3 34.5
Annual (mm) 269.3 238.4 203.2
Wet-season change (per cent) -13.9 -27.0
Dry-season change (per cent) 3.2 -9.5
Annual change (per cent)  -11.5 -24.5

Table 6. Comparison of projected annual precipitation, ET and PET totals with the baseline

for RCP8.5 2030 and 2050 time-horizons

Period Baseline (1981-2005)
RCP8.5

2030 2050
AET (mm)10 249.7 212.3 184.2
PET (mm) 1837.2 1833.0 1902.2
P (mm) 269.3 238.4 203.2

10 The baseline period for actual evapotranspiration (AET) is 2009-2019.
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Figure 21. Maps of the difference between baseline precipitation (1981-2005) and projected

climate for the 2030 and 2050 time-horizons

Figure 22. Maps showing the difference between the baseline ET (2009-2019) and projected

climate for the 2030 and 2050 time-horizons

7. Uncertainty analysis

Satellite-based products typically have errors as a result of the input data sets, sensors or

models used. Validation of the rainfall data indicated that the ERA5 data was adequate for

use. However, due the lack of availability of a high spatio-temporal rainfall data set, we
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evaluated error in the precipitation and ET data sets by comparing them with long-term data

for the Souss Massa river basin. Furthermore, to evaluate the variability in predicting

precipitation with the various climate change models, we evaluated agreement among the

models by quantifying the relative uncertainty of the output of the various climate models.

A full description of the approach used is described in Appendix F.

8. Results

8.1 Validation of outflow estimates

The Génie Rural (GR) model was calibrated by adjusting model parameters to fit simulated

flows to monthly streamflow records. The model performance was evaluated based on

statistical evaluation measures typically used in evaluating hydrologic model performance

(Moriasi et al. 2007; Gitau et al. 2007; Legates and McCabe Jr 1999; Kling, Fuchs and Paulin

2012; Gupta, Sorooshian and Yapo 1999) in addition to graphical plots (Table 7; Figure 23;

Figure 24). Model evaluation measures included the Nash-Sutcliffe efficiency (NSE; Nash and

Sutcliffe 1970), coefficient of determination (R2; Legates and McCabe Jr 1999), KGE (Kling,

Fuchs and Paulin 2012) and the index of agreement (d; Willmott 1984). The NSE is a measure

of model efficiency that compares simulated values to corresponding measured values. The

NSE can range from negative infinity (−∞) to one; improved model performance is indicated

as the NSE approaches one, while a value of zero indicates that simulated values are no

better than the mean of observed values. R2 is a measure of the collinearity between the

measured and observed data. Values of R2 range between 0 and 1; as values approach 1,

results become more statistically sound. Generally, R2 values greater than 0.5 are considered

acceptable. The KGE combines three statistics to analyse the relative importance of

correlation, bias and variability in the context of hydrological modelling. A KGE value of 1

represents an ideal correlation between simulations and observations. Generally, positive

KGE values indicate an acceptable level of agreement between simulated and observed data.

d, which measures the relative closeness of predicted values to observed values, varies from

0 to 1.

Figure 23 and Figure 24 show comparison plots of the simulated and observed flows at the

various stations. The model performance was mixed across the various stations, from just

satisfactory at the Ait Melloul station (R2 = 0.59, KGE = 0.38, d = 0.86 and NSE = 0.34), to

good at Imi Miki (R2 = 0.73, KGE = 0.70, d = 0.91 and NSE = 0.59) and Tamri (R2 = 0.77, KGE =

0.80, d = 0.93 and NSE = 0.69), to very good at Ouijjane (R2 = 0.87, KGE=0.80, d = 0.96 and

NSE =0.94). The lack of agreement between the simulated outflow and observed flows at

the Ait Melloul station could be due to uncertainties related to observed flows or the

model’s inability to adequately capture all hydrologic processes within the subbasin. Overall,

the model performance was mixed, with not much difference between the simulated and

observed high flows at some stations and for some time periods. However, at other time

periods, simulated high flows were completely missed (Figure 23; Figure 24). This is
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attributed to the quick basin response to precipitation and short lag times between

precipitation and peak outflows. Increasing urbanization, land clearing and development in

flood plains within the basin make these areas susceptible to flash floods (Bouaakkaz et al.

2018) with little time for infiltration, which might not be adequately captured by the GR

model.

The GR model performance during low-flow periods was poorer compared to high-flow

simulations, with several low-flow events overestimated during long periods with no flow.

Analysis of the measured streamflows indicates that the low flows are highly irregular, with

several months or even years of no flow (zero flow) despite rainfall during these periods, and

other months where there is flow but no rainfall. Most of the irregularity is due to the long

periods without rainfall and the dam operations within the basin (Hssaisoune et al. 2016),

leaving GR unable to accurately simulate the flow dynamics in the basin.

Other possible sources of uncertainty in the simulation include measurement errors in the

flow data used to develop the rating curves, rating curves being conditioned for normal flow

and unable to capture high-flow events, and use of outdated rating curves that do not

adequately reflect the temporal changes in stream channel geomorphology. Nonetheless,

the overall temporal pattern in streamflow seasonality as a response to rainfall is reflected

across the various monitoring stations with a satisfactory to very good model performance.

Table 7. Model evaluation criteria used in evaluating the GR6J model

Rating

Performance measure (range)

NSE (-∞, 1) R2 (0, 1) KGE (-∞, 1) d (0, 1)

Very good
0.75 ≤ NSE ≤
1.00

0.75 ≤ R2 ≤
1.00 0.75 ≤ KGE ≤ 1.00

0.75 ≤ d ≤ 1.00

Good
0.65 ≤ NSE ≤
0.75

0.65 ≤ R2 ≤
0.75 0.65 ≤ KGE ≤ 0.75

0.65 ≤ d ≤ 0.75

Satisfactory
0.40 ≤ NSE ≤
0.65

0.50 ≤ R2 ≤
0.65 0 < KGE ≤ 0.65

0.50 ≤ d ≤ 0.65

Unsatisfactory NSE < 0.40 R2 < 0.50 KGE ≤ 0 d < 0.50
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Figure 23. Simulated streamflows versus observed streamflows at Ouijjane and Ait Melloul stations, 2000-2019
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Figure 24. Simulated streamflows versus observed streamflows at Imi Miki and Tamri stations, 2000-2017
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8.2 The water balance under current conditions

8.2.1 Monthly water balance

The results for the key water balance parameters (precipitation, ET and outflow) are shown

in Figure 25. The variable bimodal precipitation pattern shows the heaviest rainfall occurring

from January to March with peaks around February, and a second rainfall period from

October to December. Over the past decade (2009-2019), monthly precipitation into the

basin has been highly variable, ranging from lows of 5.8 million cubic metres (MCM)

(0.00585 km3) in July 2012 to highs of 6.38 km3 in November 2014.

The monthly total ET in the basin also shows a seasonal pattern, with the first peak occurring

in March and the second between July and August. Lowest total ET was 0.17 km3 in

December 2013 and the highest ET was 1.13 km3 in July 2010.

Overall, the watershed response to precipitation is quick, with a less-than-one-month lag

between peak precipitation and peak outflows. The largest amount of rainfall received over

the basin occurred in November 2014; this was an extreme event that resulted in extensive

flooding (Roman and Ait Hssaine 2016; Bouaakkaz et al. 2018; El Morjani et al. 2017). In

more recent years (2015-2019), smaller outflows were observed due to droughts.

Figure 25. Monthly water balance time series in the Souss Massa (2009-2019)
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8.2.2 Seasonal water balance

The seasonal water balance for the hydrologic years11 2009-2018, defined as the period

running from 1 September of each year until 31August of the following year (Table 8)

indicates a variable wet season ranging from 3.19-11.53 km3 and a mean of 6.47 km3. About

half of the wet seasons during this period experienced rainfall totals below the 10-year

average. The wet-season ET, however, has been relatively stable over the last decade with a

mean of 3.11 km3 and very little variability across the years (± 0.56 km3). Outflows from the

basin during the wet season also varied considerably (0.97-8.86 km3), with high outflows

corresponding to seasons with high precipitation. On average, about 61 per cent of the

basin’s precipitation exits the basin as outflow during the wet season. The wet-season water

balance is positive with ET a fraction of the total precipitation (33-79 per cent).

Dry-season rainfall has also varied widely, ranging from 0.74 km3 in 2017 to 3.71 km3 in 2011,

with a mean rainfall of 1.92 km3 (± 0.80 km3) during the dry season over the 10-year period.

Dry-season ET consumption is similar to the wet-season ET consumption (3.11 ± 0.56 km3 in

the wet season and 3.46 ± 0.54 km3 in the dry season). During the dry season, about 45 per

cent of the basin precipitation contributes to the outflow, and the basin exhibits a negative

water balance across the years with ET exceeding precipitation by as much as 65-357 per

cent.

11 Also called “water years”, this term is used in hydrology to describe a 12-month water cycle period for which
precipitation totals are measured, typically from the start of the wet season to the end of the dry season.
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Table 8. Seasonal water balance in the Souss Massa river basin for the hydrologic years 2009-2018 (note that a positive storage change

indicates water taken out of storage and added to the water balance)

Year
Wet season (km3) Dry season (km3)

Precipitation Evapotranspiration Storage change Outflow Precipitation Evapotranspiration Storage change Outflow

2009 11.53 3.82 1.24 8.86 1.92 3.17 2.17 0.81

2010 8.78 3.67 0.45 5.52 2.09 4.06 2.88 0.77

2011 3.19 2.52 0.43 1.02 3.71 4.71 3.97 2.85

2012 7.65 3.79 1.23 5.05 1.74 3.48 2.49 0.62

2013 3.43 2.40 0.02 0.97 1.04 3.33 3.01 0.60

2014 8.81 2.66 0.73 6.80 1.81 2.77 1.69 0.62

2015 4.06 2.70 0.95 2.24 1.70 3.19 1.99 0.38

2016 7.22 3.54 0.69 4.32 2.11 3.25 2.14 0.89

2017 5.45 2.79 -0.33 2.27 0.74 3.39 3.06 0.28

2018 4.58 3.17 1.30 2.61 2.37 3.27 1.92 0.91
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8.2.3 Annual water balance

The annual water balance components (Table 9) show that on average, precipitation in the

basin was 8.38 km3 (±3.42 km3), ET was 6.55 km3 (±0.99 km3), and outflow was 4.80 km3

(±2.94 km3). The water balance on an annual scale appears to be mostly positive (P is greater

than ET) with about 78 per cent of the annual precipitation consumed through ET. However,

most of the outflow is non-recoverable (discussed further in the next section), leading to

additional water withdrawal from storage (3.17±0.75 km3). There are also some years where

the water balance is in deficit (ET is greater than P in 2011 and 2013). In both the water

balance deficit years (2011 and 2013), the outflow from the basin is low (1.35 km3 in 2011

and 1.34 km3 in 2013).

Table 9. The annual water balance in the Souss Massa river basin for the hydrologic years

2009-2018 (note that a positive storage change indicates water taken out of storage and

added to the water balance)

Year
Precipitation Evapotranspiration Storage change Outflow

Km3

2009 13.57 7.56 3.75 9.54
2010 13.24 8.63 4.10 8.55
2011 3.73 6.12 3.98 1.35
2012 9.39 7.04 3.73 5.92
2013 4.56 5.26 2.23 1.34
2014 11.23 5.80 2.21 7.44
2015 6.40 5.92 2.84 3.15
2016 8.14 6.88 3.56 4.63
2017 6.57 5.92 2.27 2.74
2018 7.00 6.41 2.99 3.36

8.3 The water balance under future climate conditions

The monthly water fluxes and flows estimated for the basin for two time-horizons (2030s

and 2050s) under RCP8.5 are displayed in Figure 26. The 2030s scenario (Figure 26A) shows

a bimodal precipitation pattern similar to current climate conditions, with the heaviest

rainfall occurring from January to May and peaks around March, and the second rainfall

period occurring from October to December. Under the 2030s scenario, projected monthly

precipitation into the basin is highly variable, ranging from 0.045 to 2.18 km3. Projected

monthly flows out of the basin range between 0.015 and 1.29 km3, with an average outflow

of 0.23 (± 0.21) km3.

The 2050s scenario (Figure 26B) shows monthly precipitation, with the rainfall season

running from January to April/May and October to December. The low rainfall period runs

from June to August. Precipitation totals range between 0.044 and 1.89 km3 with an average

monthly inflow of 0.47 (±0.40) km3. The monthly ET during the 2050s ranges from 0.099 to
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1.71 km3, with an average monthly ET of 0.46 (± 0.35) km3. Projected monthly outflows

range between 0.013 and 0.90 km3 with an average value of 0.16 (± 0.17) km3.

Figure 26. Projected monthly water flows and fluxes in the Souss Massa river basin for the

2030s time-horizon (2020-2039) (A) and the 2050s time-horizon (2040-2059) (B)
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8.3.2 Seasonal water balance

The seasonal water balance for the projected 2030s time-horizon (Table 10) indicates a

variable wet season, ranging between 3.35 km3 and 7.81 km3 with a mean of 5.58 (±

1.13) km3. As with precipitation, the wet-season ET is projected to be variable with a mean

of 5.14 km3 (± 1.07 km3). Outflows during the wet season also vary, ranging from 0.84 km3 to

3.78 km3. During this time-horizon, about 40 per cent of the basin’s precipitation on average

exits the basin as outflow. The dry-season rainfall is projected to be less variable, ranging

between 0.76 km3 and 1.39 km3 with a mean seasonal total of 1.06 km3 (± 0.19 km3).

Dry-season ET is similar to the dry-season rainfall with less variability (0.94 ± 0.17 km3)

across the years.

The seasonal water balance for the 2050s scenario is shown in Table 11. The data show

reduced but variable precipitation during the wet season with an average total of 4.75 (±

1.21) km3. The wet-season ET follows a similar pattern as the precipitation, ranging from

2.78 km3 to 6.13 km3 with a fair degree of variability (± 1.07 km3). The projected average

outflows during the 2050s is about 1.62 (± 0.77) km3, representing 34 per cent of the

precipitation. The dry-season precipitation is less variable (average of 0.94 ± 0.22 km3) than

the wet season. The dry-season ET follows a similar pattern as the precipitation, ranging

between 0.88 km3 and 1.58 km3. Unlike the 2030s, the water balance is projected to be in

deficit for all dry seasons during the 2050s. The forecasted average outflows during the dry

season are 0.37 (± 0.14) km3.

8.3.3 Annual water balance

The annual water balance components for the basin over the 2030s and 2050s time-horizons

are shown in Table 12. The average precipitation during the 2030s is about 6.65 km3

(±1.19 km3), average ET is 6.34 km3 (±1.03 km3) and average outflow is 2.65 km3 (±0.81 km3).

The water balance on an annual scale appears to be positive over most of period, with about

41 per cent of the average annual precipitation being consumed through ET. Overall basin

annual outflow is projected to be 2.65 km3 (±0.81 km3). During the 2050s, average

precipitation is projected to reduce to 5.68 km3 (±1.21 km3), a large portion of which (95 per

cent) is consumed as ET (5.59 ± 1.07 km3). Although most the 2050s are projected to have a

positive water balance, there a few years where the projected water balance is expected to

be in deficit (ET greater than precipitation in 2044-2045, 2048, 2055 and 2056). Almost all

(98 per cent) of the precipitation is consumed as ET, leaving very little outflow from the

basin (1.99 ± 0.85 km3).
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Table 10. Seasonal water balance in the Souss Massa river basin for the 2030s horizon (encompassing hydrologic years 2020-2038)

Year
Wet season (km3) Dry season (km3)

Precipitation Evapotranspiration Storage change Outflow Precipitation Evapotranspiration
Storage
change Outflow

2020 5.31 4.90 1.69 2.05 1.03 0.91 0.56 0.37

2021 5.34 4.94 1.75 2.09 1.00 0.88 0.58 0.38

2022 7.59 6.89 3.13 3.78 0.98 0.87 0.49 0.30

2023 5.45 5.03 1.66 2.03 1.04 0.92 0.62 0.44

2024 6.32 5.78 2.24 2.73 1.21 1.07 0.49 0.32

2025 4.52 4.22 1.39 1.63 0.86 0.76 0.57 0.37

2026 5.05 4.69 1.68 1.98 1.36 1.20 0.51 0.38

2027 4.52 4.23 1.34 1.56 1.13 0.99 0.48 0.31

2028 6.60 6.03 2.22 2.74 0.82 0.72 0.42 0.20

2029 3.35 3.21 0.76 0.84 1.38 1.21 0.74 0.61

2030 6.10 5.61 1.93 2.37 0.76 0.67 0.52 0.29

2031 5.35 4.95 1.72 2.07 1.19 1.05 0.71 0.55

2032 6.18 5.67 2.08 2.54 1.39 1.23 0.57 0.42

2033 5.13 4.77 1.50 1.81 1.01 0.89 0.67 0.48

2034 5.78 5.32 1.55 1.96 1.04 0.92 0.52 0.34

2035 4.99 4.64 1.92 2.21 1.25 1.11 0.70 0.55

2036 4.05 3.81 1.22 1.40 0.93 0.82 0.54 0.33

2037 7.81 7.11 2.94 3.59 0.94 0.83 0.53 0.32

2038 6.54 5.97 2.62 3.14 0.88 0.77 0.92 0.71
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Table 11. Seasonal water balance in the Souss Massa river basin for the 2050s horizon (encompassing hydrologic years 2040-2058)

Year
Wet season (km3) Dry season (km3)

Precipitation Evapotranspiration Storage change Outflow Precipitation Evapotranspiration Storage change Outflow
2040 6.18 5.76 2.19 2.55 1.15 1.28 0.58 0.39
2041 4.96 4.70 1.47 1.67 1.14 1.28 0.58 0.39
2042 5.07 4.79 1.58 1.80 0.86 1.02 0.57 0.35
2043 4.71 4.45 1.03 1.23 0.97 1.12 0.60 0.39
2044 3.33 3.25 0.64 0.66 0.84 1.01 0.79 0.55
2045 2.82 2.79 0.71 0.67 0.97 1.13 0.41 0.19
2046 6.43 5.99 2.20 2.58 0.79 0.96 0.36 0.12
2047 4.94 4.68 1.54 1.74 0.83 1.00 0.82 0.58
2048 2.80 2.78 0.56 0.51 0.85 1.02 0.49 0.26
2049 4.17 3.99 1.17 1.29 0.81 0.98 0.38 0.16
2050 5.25 4.94 1.45 1.70 1.38 1.49 0.68 0.51
2051 6.59 6.13 2.47 2.88 0.69 0.88 0.60 0.34
2052 6.02 5.63 2.35 2.69 0.73 0.92 0.61 0.37
2053 3.87 3.73 0.72 0.81 0.96 1.12 0.72 0.50
2054 6.52 6.08 2.18 2.57 0.87 1.03 0.59 0.37
2055 3.83 3.69 0.87 0.95 1.02 1.16 0.78 0.57
2056 4.72 4.47 1.87 2.06 1.49 1.58 0.68 0.53
2057 3.51 3.41 0.83 0.86 0.70 0.89 0.47 0.22
2058 4.54 4.32 1.42 1.57 0.84 1.01 0.50 0.26
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Table 12. Simulated annual water balance in the Souss Massa river basin under RCP8.5 for 2030s (2020-2038) and 2050s (2040-2058)

time-horizons

Year
Precipitation Evapotranspiration Storage change Outflow

Year
Precipitation Evapotranspiration Storage change Outflow

km3  km3

2020 6.47 6.17 2.25 2.45 2040 7.36 7.08 2.77 2.94

2021 6.11 5.87 2.26 2.39 2041 5.90 5.79 2.03 2.02

2022 8.81 8.20 3.73 4.23 2042 5.90 5.79 2.19 2.18

2023 6.40 6.12 2.16 2.33 2043 5.55 5.46 1.81 1.78

2024 7.56 7.11 2.79 3.14 2044 4.46 4.52 1.05 0.87

2025 5.67 5.47 1.92 2.01 2045 3.56 3.72 1.08 0.80

2026 6.09 5.85 2.17 2.28 2046 7.19 6.93 3.00 3.14

2027 5.54 5.38 1.75 1.79 2047 5.70 5.61 2.05 2.01

2028 7.90 7.41 2.93 3.32 2048 3.90 4.02 0.94 0.69

2029 4.13 4.14 1.29 1.16 2049 5.24 5.20 1.85 1.76

2030 7.13 6.76 2.63 2.89 2050 6.18 6.03 2.04 2.07

2031 6.75 6.42 2.28 2.50 2051 7.26 6.99 3.09 3.25

2032 7.29 6.89 2.75 3.03 2052 6.81 6.59 3.06 3.17

2033 6.12 5.89 2.03 2.15 2053 4.86 4.87 1.32 1.20

2034 6.97 6.62 2.25 2.48 2054 7.65 7.34 2.94 3.14

2035 6.22 5.99 2.46 2.57 2055 4.55 4.59 1.47 1.32

2036 4.96 4.86 1.75 1.72 2056 6.06 5.93 2.45 2.46

2037 8.67 8.12 3.85 4.29 2057 4.29 4.37 1.33 1.12

2038 7.57 7.14 3.26 3.59 2058 5.46 5.41 1.89 1.82
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8.4 Water accounts under current conditions

8.4.1 Water resource status

The WA+ resource base sheet is used to provide a general overview of water resources

status in a basin, and is presented for Souss Massa for the year 2014 in Figure 15. The left

section of the diagram summarizes inflows into the basin, the middle section provides

information on how water is used and the right section summarizes outflows. Inflows into

the basin consist of precipitation as well as any transfer of water into the basin through

surface water (Qsw
in) or groundwater (Qgw

in) or from desalination Qdesal, which were assumed

to be zero in the case of Souss Massa due to a lack of data. The storage change consists of

surface-water storage changes, groundwater storage change and soil moisture storage

change in the vadose zone. Gross inflow plus the storage change forms the net inflow into

the basin.

In the middle section of the water account, the net inflow term is partitioned into the

landscape ET (the water which is consumed across the landscape) and exploitable water. The

total landscape ET is divided into ET directly from rainfall (referred to as rainfall ET; this is in

green) and ET from sources other than rainfall (e.g. irrigation, referred to as the incremental

ET; this is in blue).

● The exploitable water represents the portion of the net inflow that is not evaporated

and which could be available for downstream use.

● Reserved outflow is the portion of exploitable water that is reserved to meet

downstream water commitments or environmental flow requirements.

● The available water is the water which remains after subtracting the reserved

outflow and any non-utilizable flow (this is excess water that occurs too fast to use)

from the exploitable water.

● Utilized flow is the portion of available water that is consumed.

● Non-recoverable flow is estimated using a grey water footprint map (Liu et al. 2012)

and is the portion of water that is unavailable for further use due to degradation.

● Non-utilizable outflow is the portion of water that is quickly evacuated from the

basin due to not enough residence time to allow for infiltration and storage.

● Utilizable outflow represents the amount of water remaining that could be allocated

for further uses.
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Figure 27. Annual water account for 2014

On the right side of the account are the consumed water, non-consumed water, depleted

water and outflows:

● Consumed water represents the total amount of water that is consumed in the basin

(calculated as the sum of the rainfall ET, incremental ET and non-recoverable flow).

● The non-consumed water (the sum of the utilizable, non-utilizable and reserved flow)

is the portion of water that leaves the domain without being consumed.

● Depleted water is all of the water that leaves the basin through evapotranspiration

during the accounting period.

● Outflows consist of surface outflow (Qsw
oulet) and any surface (Qsw

out) or subsurface

(Qgw
out) transfers out of the basin.

To compare the indicators across years, a summary of the data for 2009-2018 is presented in

Table 13 and key findings are presented in Box 9.4. The complete annual accounts are

presented in Appendix G. The total precipitation ranged from a low of 3.73 km3 in 2011 to

high of 13.57 km3 in 2009. Precipitation is the only known source of inflow into the basin, so

surface-water and groundwater inflows were assumed to be zero. Water was taken out of

storage each year (ranging from 2.21 km3 to 3.98 km3), indicating continual water

withdrawal in the basin. This represents the combined surface, groundwater and soil

moisture storage. For most years, large portions of the basin precipitation (over 50 per cent)
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are consumed through ET from natural processes (e.g. landscape ET from forests, grasslands

and bare soil). In 2011 and 2013, landscape ET exceeded rainfall inputs by 15 per cent (in

2013) and 64 per cent (in 2011).

In preparing the water account, the environmental flow requirement (reserved flows) was

calculated as a percentage of the long-term flow as recommended by Smakhtin, Revenga

and Döll (2004). On an annual basis, this was estimated to vary between 0.13 km3 and 0.65

km3. After accounting for reserved flows and any non-utilizable flow (other than during the

extreme rainfall events in 2014, this is negligible), the remaining water available for use in

the basin ranged from 1.45 km3 and 9.24 km3 annually. Of this, between 1.40 km3 and

8.85 km3 was consumed through managed processes (e.g. irrigation) on an annual basis,

leaving between 0 km3 and 0.4 km3 for further utilization.

A large portion of the basin outflow (>90 per cent) is non-recoverable (i.e. unavailable for

further use) due to degraded quality. This suggests that water quality issues should be of

major concern in the basin, and is confirmed by other studies (Choukr-Allah et al. 2016;

Bouchaou et al. 2011). Water quality issues have been attributed to increased salinity

originating from seawater intrusion, evaporates and anthropogenic pollution from fertilizers

and wastewater, and the numerous agricultural activities within the basin. Given that there

is a scarcity of water in the basin, minimizing such contributions to the total consumed

water would immensely increase water availability.

In the Souss Massa, almost all (95-99 per cent) of the available water is used through human

withdrawals, as indicated by the utilized flows (1.40 km3-8.85 km3/year; Table 13), leaving

almost no water (<0.5 km3) that can be allocated for further uses (represented by utilizable

outflow indicator).

Seasonally, large portions of the available water are consumed during both the wet season

and dry seasons. Over 95 per cent of the wet-season available water is consumed through

managed processes (e.g. irrigation, greenhouses, reservoirs). Even though there is more

water available during the wet season than during the dry season, this is typically not

enough to satisfy the demand since large portions of the water are degraded and

unrecoverable (as shown by the non-recoverable flow indicators). Thus on average, an

additional 3.17 km3 of water needs to be extracted from storage (storage change) in order to

meet this demand. This is equivalent to 20 million households’12 annual water

consumption,13 or the irrigation water required14 to grow citrus crop on 158,500 ha of

agricultural land.

14 This assumes a crop water demand of 1,200 mm for citrus crop and an irrigation efficiency of 60 per cent
(Brouwer, C. and Heibloem, M. 1986, chap. 3).

13 Per capita water consumption according to the World Health Organization (WHO) is 100 litres per person per
day (Howard and Bartram 2003).

12 Morocco has an average household size of 4.2 (Population Reference Bureau 2022).
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The water scarcity experienced during the dry season is evident in the dry-season water

accounts (Table 13, Appendix H). All the available water was consumed (except in 2011) and

ET exceeded precipitation during the dry season each year over the past decade.

Box 9.4: Key findings under current climate conditions

● A large portion of the basin outflow (>90 per cent) is attributed to degraded water
quality.

● Almost all (95-99 percent) of the available water is used through human
withdrawals.

● On average, an additional 3.17 km3 of water needs to be withdrawn annually in
order to meet basin water demands.
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Table 13. Average annual, wet-season and dry-season water accounts for the Souss Massa river basin, 2009-2018 (values in km3/year) (SD =

standard deviation)

Description
Annual Wet season Dry season

Mean SD Mean SD Mean SD

Gross
inflow

 8.38 3.42 6.47 2.76 1.92 0.80

 
 
 

Precipitation 8.38 3.42 6.47 2.76 1.92 0.80

Surface water 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 3.17 0.75 0.67 0.54 2.53 0.70

Net inflow  11.55 3.73 7.14 3.01 4.46 1.20

 
 
 
 
 
 
 
 
 

Landscape ET 6.55 0.99 3.11 0.56 3.46 0.54

Exploitable water 4.99 2.93 4.04 2.60 1.00 0.72

Available water 4.65 2.79 3.76 2.49 0.92 0.68

Utilized flow 4.53 2.65 3.66 2.35 0.91 0.65

Utilizable outflow 0.11 0.15 0.10 0.15 0.01 0.03

Non-utilizable outflow 0.01 0.01 0.01 0.01 0.00 0.00

Reserved outflow 0.34 0.16 0.27 0.12 0.07 0.04

Incremental ET 2.10 0.63 0.73 0.52 1.33 0.29

Non-recoverable flow 4.34 2.66 3.59 2.35 0.79 0.65

Depletions

 
 

Consumed water 11.09 3.46 6.76 2.76 4.37 1.14

Depleted water 6.75 0.99 3.18 0.55 3.58 0.55
Outflow
 

4.80 2.43 3.97 2.60 0.87 0.72
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8.4.2 Water consumption

The water consumed across the basin is presented in further detail through the ET thematic

sheet of the water accounts (Figure 28). The ET sheet is divided into two sections: the panel

on the left shows the total ET and the proportion transpired for each of the major WA+

land-use groups, subgroups and individual classes. On the right side of the sheet, water

consumption is summarized for the entire accounting year. This panel splits the ET into its

individual components of evaporation, transpiration and interception, allowing for

evaluation of the benefits derived from the use of water. Beneficial ET is defined as ET that is

used for its intended purpose, whereas non-beneficial ET is ET that is not used for its

intended purpose. Non-beneficial ET occurs in physical processes such as evaporation from

bare soil and water, and/or interception evaporation from the plant canopy. Transpiration is

considered the beneficial part of ET and evaporation is considered the non-beneficial part.

Figure 28 shows the ET thematic sheet which provides information on the processes by

which water was consumed in the Souss Massa river basin in 2014, and Table 14 provides an

annual summary for all years (2009-2018). The results show that only about 12 per cent of

the total ET (0.76 of 6.06 km3) occurs through managed processes (e.g. through human

interventions such as irrigation, or from reservoirs). Across the years, the primary consumer

of water within the basin is the “utilized” land-use class, which consists mainly of forests and

bare land and accounts for over 60 per cent of the basin surface area (Table 4). Due to the

larger area of rain-fed cultivation, a large portion of the ET (70 per cent) from agriculture

occurs from rain-fed systems, with the remaining 30 per cent from irrigation (3 per cent from

conventional irrigation and 27 per cent from greenhouses). However, almost a third of the

water consumed in rain-fed agriculture is due to evaporation from bare soil and interception

(33 per cent) when separating ET into its components in the rain-fed agricultural areas (see

Appendix I for details). While evaporation from interception might have some positive

attributes such as canopy cooling, it does not significantly contribute to crop growth in

agriculture and is thus considered non-beneficial.

Transpiration contributes to biomass production and is thus termed the beneficial

component of ET. Annually, transpiration constitutes about -33 per cent of the total ET in the

basin across all land uses (Table 14), with the remaining 67 per cent consumed through

evaporation. Most of the evaporation in 2014 was from bare soil (86 per cent). Because of

the comparatively small areas of waterbodies in the basin (Table 4), evaporation from water

surfaces was negligible (less than 2 per cent).
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Figure 28. Water consumption in the Souss Massa river basin, 2014
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Table 14. Average annual water consumed through evapotranspiration processes in the

Souss Massa river basin, 2009-2018

Description Mean SD

Evapotranspiration (ET) 6.82 1.00

Land-use
category

Non-Manageable

Total 0.07 0.02

Protected land-use ET 0.07 0.02
Protected land-use
transpiration 0.04 0.01

Manageable

Total 6.03 0.93

Utilized land-use ET 6.03 0.93
Utilized land-use
transpiration 1.77 0.24

Managed

Total 0.72 0.07

Modified land-use ET 0.42 0.04
Modified land-use
transpiration 0.27 0.04

Managed water land-use ET 0.31 0.03
Managed water land-use
transpiration 0.17 0.03

Transpiration (T)  2.25 0.79

Evaporation (E ) Total 4.75 0.43

 

Water 0.03 0.01

Soil 3.95 0.40

Interception 0.59 0.21

Beneficial ET Total 2.21 0.28

 

Agriculture 0.47 0.06

Environment 1.52 0.20

Economy 0.10 0.02

Energy 0.02 0.00

Leisure 0.10 0.01
Non-beneficial
ET Total 4.61 0.76
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8.5 Water accounts under future climate conditions

8.5.1 Water resources status

The basin water balance and additional parameters for the 2030s time-horizon under RCP8.5

are presented in Table 15, with key findings presented in Box 9.5. Precipitation is the only

source of inflow into the basin (annual average of 6.58 ± 1.19 km3), and surface-water and

groundwater inflows are zero. On average, an additional 2.45 km3 (± 0.66) of water is taken

out of storage to meet the basin water requirements, assuming that demands and users are

the same as under the current conditions. Almost all of the basin precipitation (95 per cent)

is consumed through ET from natural processes (landscape ET). The exploitable water

resource ranged between 1.28 km3 and 4.40 km3 across the projected years. Annual reserved

flows were estimated at 0.24 km3 (± 0.05). The available water after accounting for reserved

flows is estimated to be 2.52 km3 (± 0.75). Utilizable outflow remained very low (0.02 ±

0.03 km3), indicating very little water available for further use. Since the model was

simulated assuming current land management conditions, a large portion of the basin

outflow (> 90 per cent) remained unavailable for further use in the basin due to degradation

(non-recoverable flow).

The table 16 shows the water balance and key indicators derived from the basin water
account for the 2050s time horizon under RCP8.5. The average precipitation received by the
basin is estimated to be 5.54 km3 (± 1.21), with over 98 per cent of this consumed through
ET. As a result, on average an additional 2.14 km3 (± 0.71) is withdrawn annually from
storage to satisfy the basin water requirements (assuming that demand is the same as under
current patterns of use). The annual estimated environmental flow requirements (reserved
flow) are 0.18 km3 (± 0.06). The available water is estimated to be 2.07 km3 (± 0.06) and
most of this is utilized (2.04 km3), leaving very little for further use (utilizable outflow is
0.02 km3 ± 0.03). If practices remain similar to current ones, water quality will remain an
issue in the basin, with 1.92 km3 of the total basin outflow of 2.13 km3 constituting
non-recoverable flow.

Seasonally, large portions of the available water are consumed during both the wet and dry

seasons. During several months of the wet season, the available water is completely

consumed (utilized flows), leaving very few wet seasons with enough water available for

further use and allocation (utilizable outflow). Throughout the 2030s horizon annual wet

seasons, there is not enough water to satisfy basin water demand (based on current uses).

Thus on average, an additional 1.86 km3 of water needs to be extracted from storage

(storage change; Table 15) to meet this demand. The dry-season water accounts (Table 15)

also indicate that all the available water is consumed across the years. ET is projected to

exceed precipitation for the dry season of each year, resulting in additional water

withdrawals under this scenario. While outflows from the basin average 0.46 km3, most of

this water (90 per cent) is unavailable for use due to water quality degradation

(non-recoverable flow; Table 15).
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Considering the 2050s time-horizon (Table 16), the average precipitation received by the

basin is reduced to 5.84 km3 (± 1.2), and the average water withdrawals needed to meet the

basin water requirements are 2.14 km3 (± 0.71). Most of the precipitation (98 per cent) is

consumed through ET from natural processes (landscape ET). The exploitable water resource

ranges between 0.82 km3 and 3.36 km3, and annual environmental/reserved flows are

estimated at 0.18 km3 (± 0.06). After accounting for reserved flows, the available water

totals 2.07 km3 (± 0.06). Most of the available water is consumed, which is represented by

the utilized flows of 2.04 km3 (±0.07). As a result, very little water (0.03 ± 0.03 km3) is

available for further use as indicated by the utilizable outflows.

Under current levels of water demand, the projected seasonal water demand for the 2050s

time-horizon will be unmet during this period and on average an additional 1.43 km3 (± 0.63)

will be required in wet season, and an additional 0.60 km3 (±0.13) will be required in the dry

season. During the dry season, the ET will exceed precipitation (6-28 per cent) across the

years, resulting in additional water withdrawals (Table 16).

Box 9.5: Key findings: water resource availability under future climate scenarios

● Very little water is available for further use annually in the basin under projected
climate scenarios (0.02 km3 ± 0.03 in 2030s and 0.03 ± 0.03 km3 in 2050s).

● Projected seasonal water demand for the 2030s time-horizon will be unmet,
requiring on average an additional 1.86 km3 (± 0.58) in the wet season and
0.64 km3 (± 0.12) in the dry season.

● Projected seasonal water demand for the 2050s time-horizon will be unmet,
requiring on average an additional 1.43 km3 (± 0.63) in the wet season, and
0.60 km3 (± 0.13) in the dry season.

● The dry season ET for the 2050s time-horizon will exceed precipitation (6-28 per
cent) across the years, leading to excessive water withdrawals during this period.
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Table 15. Mean annual and seasonal water accounting indicators for Souss Massa over the

2030s time-horizon (2020-2038) (values in km3/year; the SD column shows the standard

deviation for the period)

Description
Annual Wet season Dry season

Mean SD Mean SD Mean SD

Gross inflow 6.58 1.19 5.58 1.13 1.08 0.19

 

Precipitation 6.58 1.19 5.58 1.13 1.08 0.19

Surface water 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 2.45 0.66 1.86 0.58 0.64 0.12

Net inflow 9.04 1.82 7.44 1.69 1.72 0.24

 

Landscape ET 6.28 1.03 5.14 0.98 1.20 0.16

Exploitable water 2.75 0.81 2.29 0.72 0.52 0.12

Available water 2.52 0.75 2.09 0.68 0.48 0.11

Utilized flow 2.50 0.73 2.07 0.65 0.48 0.11

Utilizable outflow 0.02 0.03 0.02 0.03 0.00 0.00

Non-utilizable
outflow

<0.01 <0.01 0.00 0.00 0.00 0.00

Reserved outflow 0.24 0.05 0.20 0.05 0.04 0.01

Incremental ET 0.56 0.03 0.25 0.03 0.31 0.01

Non-recoverable flow 2.38 0.73 2.02 0.66 0.42 0.11

Depletions

 
Consumed water 8.78 1.75 7.22 1.62 1.67 0.23

Depleted water 6.40 1.03 5.20 0.98 1.26 0.16

Outflow 2.64 0.81 2.19 0.73 0.46 0.13
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Table 16. Mean annual and seasonal water accounting indicators for Souss Massa over the

2050s time-horizon (2040-2058) (values in km3/year; the SD column shows the standard

deviation for the period)

Description
Annual Wet season Dry season

Mean SD Mean SD Mean SD

Gross inflow 5.84 1.21 4.75 1.21 0.95 0.22

 

Precipitation 5.84 1.21 4.75 1.21 0.95 0.22

Surface water 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 2.14 0.71 1.43 0.63 0.60 0.13

Net inflow 7.98 1.91 6.18 1.82 1.55 0.29

 

Landscape ET 5.73 1.07 4.51 1.07 1.11 0.19

Exploitable water 2.25 0.85 1.68 0.76 0.45 0.14

Available water 2.07 0.79 1.54 0.71 0.41 0.13

Utilized flow 2.04 0.77 1.52 0.69 0.41 0.13

Utilizable outflow 0.03 0.03 0.02 0.03 0.00 0.00

Non-utilizable
outflow

<0.01 <0.01 0.00 0.00 0.00 0.00

Reserved outflow 0.18 0.06 0.14 0.05 0.04 0.01

Incremental ET 0.58 0.03 0.27 0.03 0.31 0.01

Non-recoverable flow 1.92 0.77 1.46 0.70 0.35 0.13

Depletions

 
Consumed water 7.77 1.83 6.03 1.75 1.51 0.27

Depleted water 5.85 1.07 4.56 1.07 1.17 0.19

Outflow 2.13 0.85 1.74 0.77 0.38 0.14
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9. Limitations and uncertainties

Satellite-based data sets have inherent sources of error that can affect model results and

consequently affect conclusions. The uncertainties in the use of the various data sets were

quantified by various methods.

The precipitation and ET data sets with longer-term records for the basin (chapter 8) were

compared to estimate their “error” and assess whether the selected data sets would result

in significantly different water balance estimates when compared to the longer-term

estimates. The uncertainty analysis indicates that the precipitation estimates moderately

matched the FAO precipitation data for the basin (R2 = 0.51; Figure 29). The magnitude of

total precipitation for most months was overestimated when compared with the FAO

climatology (1961-1990) except for a few months which were underestimated (Figure 29).

The WaPOR ET estimates (2009-2019) for the Souss Massa river basin, when compared to

the Max Planck Institute (MPI) ET reference data, revealed poor correlation (R2 = 0.27)

between the data sets. This analysis indicated an overestimation in the magnitude of the

WaPOR ET. The estimated overall bias was 33 per cent for P and 8 per cent for ET. These

errors resulted in an overall bias error in the P – ET calculations of 25 per cent. Although P

was the greatest contributor to the P – ET error, both data sets had the largest errors during

the dry-season months of May, June and September. However, comparing the estimated P –

ET with its bias-corrected values (Table 17) indicates no major changes in the estimation of

run-off sources due to the remote sensing data across the basin.

In addition to P and ET, another possible source of uncertainty in the input data lies in the

land-use map. Land use/land cover is one of the primary inputs into the WA+ framework. A

lack of up-to-date and high-resolution land-use data that accurately captures these land

transformations and other water-use activities in the basin directly affects the water

balances results and the interpretation of the data presented in the water accounts. The

land-use map for this study was generated by combining data from different sources and for

different time periods, which have their own inherent uncertainties. Uncertainties in the

output data could also stem from the WaterPix model calculations. A comparison of the

simulated outflows with measured outflows indicated that flows were both overestimated

and underestimated at the various stations.

An analysis of the signal-to-noise ratio of the various climate change model outputs with

respect to baseline conditions indicated that overall, the models are in agreement in

predicting precipitation (Figure 30). For the various months, the signal-to-noise ratio (SNR)

was greater than 1 for both the 2030 and 2050 time-horizons. The 2030 predictions had the

largest agreements (SNR > 1) between September and January. However, the models

differed in predictions from July to August for the 2050s and in August for the 2030s.
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Nonetheless, it can be concluded that based on the reference data sets, the biases in the

input data (P and ET) are sufficiently small to not affect the main conclusions of the output

results at the basin scale under either the current conditions or future climate scenarios.

Where possible, we tried to reduce uncertainty by validating the remote sensing input

product with available ground truth or reference data sets (chapter 5).

Figure 29. Comparison of long-term precipitation (A) and evapotranspiration (B) data sets
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Table 17. Comparison of remote sensing-based precipitation and evapotranspiration with

long-term reference data sets in Souss Massa. Note: Adjusted P – ET is the water yield (P –

ET) after correcting for bias in the data).

Year
P
(mm)

P
(km3)

ET
(mm)

ET
(km3)

P – ET
(mm)

P – ET
(km3)

Adjusted
P – ET (km3)

2009 497.1 13.6 276.7 7.6 220.3 6.0 4.5

2010 486.3 13.2 313.8 8.6 172.5 4.6 4.1

2011 134.5 3.7 223.9 6.1 -89.4 -2.4 -2.1

2012 341.3 9.4 255.5 7.0 85.7 2.3 2.1

2013 165.1 4.6 191.1 5.3 -26.0 -0.7 -0.6

2014 406.5 11.2 211.8 5.8 194.7 5.4 4.8

2015 235.0 6.4 214.8 5.9 20.3 0.5 0.4

2016 296.4 8.1 250.4 6.9 46.0 1.3 1.1

2017 237.7 6.6 214.6 5.9 23.1 0.6 0.6

2018 254.5 7.0 253.2 6.4 1.3 0.6 0.5

Figure 30. Comparison of agreement for nine climate change models with baseline

precipitation (shown as the signal-to-noise ratio) under RCP8.5 for 2030 and 2050
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10. Discussion

10.1 Status of water resources in the Souss Massa river basin

Analysis of the annual water balance over the past decade indicates a decline in inflows and

outflows from the Souss Massa, particularly in recent years. While ET demand in the basin

has been relatively stable, precipitation has been highly variable, indicating that

precipitation is the limiting driver of the hydrologic regime. Seasonal analysis shows that

while dry-season rainfall has been relatively stable, wet-season rainfall has been highly

variable, with a number of wet seasons experiencing totals below the 10-year average.

Previous studies have also documented a declining trend in long-term (1973-201015)

wet-season rainfall totals (Abahous et al. 2018). While there is sufficient rainfall to meet

demand during the wet season, with low rainfall received in the dry season, a negative water

balance occurs in Souss Massa: ET exceeds rainfall across most of the years analysed and

water is taken out of storage to meet the demand.

The basin response to precipitation is quick, with short lag times (less than one month)

between peak precipitation and peak outflows. This may be attributed to recent

anthropogenic activities within the basin such as urbanization, development on flood plains,

overgrazing, land clearing and deforestation (Bouaakkaz et al. 2018). As a result of these

changes, these areas are more susceptible to flash floods from rainfall events because there

is rapid, more powerful run-off, and less residence time to enable infiltration in the basin.

Furthermore, land degradation and overextraction of groundwater can reduce the base

flows of rivers and streams, which results in reduced stream flows and can contribute to, or

exacerbate, droughts (AghaKouchak et al. 2015). These land-use and cover changes are

thought to have contributed to the increasing number of extreme flood and drought events

observed across the Souss Massa river basin over the past decade (Roman and Ait Hssaine

2016; Bouaakkaz et al. 2018; El Morjani et al. 2017).

The water accounts show that on average, a substantial proportion of the basin’s

precipitation exits the basin as outflow into the sea,16 both annually (57 per cent), and

seasonally (61 per cent in the wet season and 45 per cent in the dry season). However, most

of the outflow (>90 per cent) is categorized as non-recoverable in the water account as it is

considered too degraded in quality to be of further use within the basin. While this

assessment is based on a grey water footprint map for the basin (Liu et al. 2012), further

analysis including in situ monitoring of water quality is required to verify the accuracy of the

map for the Souss Massa. Previous research on water quality within the basin, however, has

also highlighted declining trends in water quality and attributed the degradation to

16 Hssaisoune et al. (2017) have also observed large quantities of water flowing to the ocean at Ait Melloul
station.

15 The full time period of the study was 1932-2010 (Abahous et al. 2018).
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increased salinity from seawater intrusion, anthropogenic pollution from fertilizers and

wastewater, and from the extensive agricultural activities within the basin (Choukr-Allah et

al. 2016; Bouchaou et al. 2011; Tagma et al. 2009; Hssaisoune et al. 2017; Hssaisoune et al.

2020). Consequently, water quality is a major concern and is projected to continue to

deteriorate in the future, with large portions of the basin outflows being degraded and

becoming unavailable for further use. Addressing water quality issues would increase water

availability, particularly during the dry season.

Given the issues with water quality, water is scarce during both the wet season and dry

season as almost all of the available water is currently utilized. Indeed, the water accounts

show that on average over the 10-year period, 97 per cent of the available water is utilized

during the wet season and 99 per cent during the dry season. As a result, very little water is

available for further allocation during the wet season and negligible amounts are available

during the dry season.

Annually, around 67 per cent of the water consumed within the basin is through

evaporation. Most of this is evaporation from the soil (86 per cent); bare land constitutes the

largest land-use class in the basin (covering 60 per cent). As a result, over 68 per cent of the

ET in the basin (including within agricultural areas) is non-beneficial and large volumes of

water are not consumed productively. Minimizing these losses, such as by rehabilitating

rain-fed lands, would potentially reduce the severity of water scarcity within the basin and

result in more productive use of scarce resources.

Assessment of the water balance under future climate scenarios has indicated that under

the climate extremes predicted for RCP8.5, water scarcity will increase during the 2030s and

2050s time-horizons. The Souss Massa ABH has developed a number of water resource

plans, including a groundwater management action plan to address some of the challenges

described earlier, which includes plans to establish artificial recharge stations and the reuse

of wastewater and seawater desalination (Hssaisoune et al. 2020).

10.2 Implications of findings for water policy, investment and planning

The severe reduction in total water availability, and the timing of its availability, anticipated

in the future climate scenarios, have profound implications for water policy and

management in the Souss Massa basin. Additional effects on water storage and demand and

quality considerations also arise from the primary driving factors of reduced water

availability: as described in the climate modelling activity, the future climate is predicted to

see reduced average precipitation but increased extreme precipitation, as well as higher

temperatures.

As a result, assuming no other changes:
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● A greater volume of water will be necessary to maintain current production levels

related to irrigation, municipal and industrial water use, as well as rain-fed or

supplementary irrigated agriculture.

● Surface-water and groundwater reservoir management will need to cope with higher

risks of floods, longer periods without precipitation, and altered groundwater

recharge and discharge patterns.

● The increase in consecutive dry days and extreme precipitation will leave soils more

vulnerable to erosion, which is a primary factor in water quality and soil degradation,

as well as loss of ground cover and desertification.

To address these major water security challenges, the Government of Morocco has

emphasized both supply augmentation and demand management through national policy,

strategy and investment planning. Additionally, the central government and ABH are

deploying new drought monitoring tools and developing drought management plans.

10.2.1 Supply augmentation and demand management efforts

The Government of Morocco recently initiated a short-term (2020-2027) Programme

National pour l'Approvisionnement en Eau Potable et l'Irrigation [National Drinking Water

Supply and Irrigation Programme – PNAEPI], and a draft long-term (2020-2050) National

Water Plan with an indicative budget of 383 billion dirhams (~USD 38 billion; Morocco,

Ministry of Equipment, Transport, Logistics and Water 2020).

In Souss Massa, the primary short-term supply augmentation works include the following:

● two new large dams (capacity of 300 MCM) and several small and medium dams;

● inter-basin transfer to Agadir (31 MCM/year);

● completion of a major seawater desalination plant in Agadir (275,000 m3/day).

The desalination plant is intended to provide 150,000 m3/day for municipal water supply,

and the remaining 125,000 m3/day will replace groundwater in major irrigation districts

nearby (ORMVA SM 2019). This will be the world’s largest irrigation-oriented desalination

production unit.

The ABH and the water utility (the Office National de l'Electricité et de l'Eau Potable

[National Office of Electricity and Drinking Water – ONEE] are undertaking a range of other

supply-side interventions including managed aquifer recharge, rainfall harvesting,

distribution network improvements and treated wastewater reuse (World Bank 2017). This

includes a sewerage network connection of up to 90 per cent, reuse of almost all treated

wastewater and a 90 per cent reduction in pollution by 2030.

Through the above supply-side management, it is estimated that reuse of wastewater will

generate 50 mm3 of water for further use; the desalination plans will supply 105.4 mm3 of

drinking water and irrigation water for the basin; and a total of 98 mm3 of water is projected
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to be realized from artificial recharge stations17 by 2030. The findings from the current water

accounting study suggests that the total water realized from these non-conventional

sources only constitutes a fraction (22 per cent) of the projected 2030 demand of 2.45 km3

for the basin.

Irrigation demand management has been a national focus and particularly important in

Souss Massa. The primary programme, the National Irrigation Water Saving Programme

(PNEEI), has five main components in the region (Fanzi and Jaouhari 2018):

● collective modernization of large dam-supplied irrigation areas (reduction of siltation

and leakages and improvement of flow-monitoring);

● individual modernization, primarily predicated on shifts to drip systems;

● improvements in agricultural value chains;

● expansion of extension services;

● complementary measures to facilitate and catalyse the above components (e.g.

simplification of procedures to obtain subsidies and state financing,

professionalization of services).

Between 2008 and 2020, the PNEEI aimed to modernize over 6,000 ha of collective irrigation

areas and convert 50,000 ha of individual irrigation into drip systems (Royal Institute for

Strategic Studies 2020). As at 2015, it had completed over two thirds of the objective, with

estimates of water savings reaching 150 mm3 (Capion Consulting 2016).

Stated objectives for the past Plan Directeur d’Aménagement Intégrée des Ressources en Eau

[Masterplan for Integrated Water Resources Management – PDAIRE] from 2007 have

included returning the basin to “equilibrium”, with demand being met completely by

renewable resources and elimination of groundwater overdraft. However, total irrigation

demand continues to increase, driven by rapidly expanding and export-oriented high-value

groundwater-dependent agriculture, and municipal water use increased from 50 MCM/year

to nearly 70 MCM/year between 2009 and 2018 (Royal Institute for Strategic Studies 2020).

Groundwater overdraft has continued despite significant multi-stakeholder and participatory

processes to develop a “groundwater contract” for the Souss aquifer (Capion Consulting

2016). This highlights the major tensions between sustainable water management

objectives, particularly those related to reduction in groundwater degradation, and

socioeconomic development and political economy, which, especially in Souss Massa, rely

on agriculture as a vehicle for wealth creation.

10.2.2 Drought monitoring and management

The climate modelling and water accounting results highlight that in the future, drought and

flood risk management planning, as well as robust environmental monitoring tools such as

17 Artificial recharge of the Souss water table is mainly based on water release from the Aoulouz Dam.
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seasonal forecasting, drought monitoring and water accounting, will be increasingly

important.

Through the MENAdrought project,18 IWMI is supporting the development of drought

monitoring tools and a Souss Massa Drought Action Plan that integrates municipal and

agricultural components. This will bolster the existing 2010 plan which focuses heavily on

emergency management in the municipal supply sector (Agence du Bassin Hydraulique du

Souss-Massa et Draa [Souss Massa and Draa River Basin Agency] 2010). Indeed, the existing

plan provides little explicit detail on water reallocation except that drinking water has

priority and that irrigation reallocation is largely managed internally by water user groups.

The plan includes several measures to be undertaken during moderate to extreme drought,

more or less in order of initiation, to ensure urban areas’ supply:

● demand management campaigns;

● expansion of groundwater pumping;

● desalination for rural population;

● development/promotion of recovery and use of treated wastewater for specific

purposes;

● collective management of needs between farmers in the same area;

● restriction of irrigation;

● maintenance of the drinking water supply using tankers;

● prohibition of specific urban/municipal water uses (e.g. lawn-watering, car-washing);

● restrict water consumption from industrial and commercial users.

The water accounting work presented here will support refinement of basin-wide drought

planning and, equally importantly, could support ongoing drought management efforts if

undertaken operationally. Despite the major investment in supply-side interventions and

demand management, the estimated major reductions in available water supply indicate

that intersectoral allocation will become increasingly important, and challenging, over time.

Decision-making on when and how this can occur, interventions to reduce associated

socioeconomic impacts and natural hazard risks, and, to some extent, ameliorate climate

change impacts, will benefit hugely from robust information.

10.3 Conclusions

1. Very little water is available for further use: Over the 10-year study period, 20 per cent

to 40 per cent more water was withdrawn from the basin than arrived via rainfall.

Almost all (95-99 per cent) of the available water is currently used through human

withdrawals, leaving almost no water (<0.5 km3) that can be allocated for further uses.

Current trends and climate change are likely to make this even worse in the future.

18 See https://menadrought.iwmi.org/.
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While the supply augmentation plans will go some way to address this, demand

management will remain critical.

2. The water resource situation is unsustainable: On average, an additional 3.17 km3 of

water needs to be extracted from groundwater storage annually to meet demand.

When water is consistently taken out of storage on an annual basis to meet demand,

the water balance is not sustainable, and steps need to be taken to manage the deficits.

The planned supply augmentation measures through artificial recharge will only address

0.03 per cent of the groundwater extracted; irrigation demand management is critical

to address groundwater extraction.

3. The basin has major water quality issues: This is resulting in significant amounts of

potentially exploitable water going “unused”; making progress on quality can help make

progress on quantity. Regular monitoring of water quality is needed, as well as

wastewater treatment. Increasing groundwater recharge and reducing groundwater

abstraction will also help improve quality.

4. Land degradation is affecting water productivity: Approximately one third of the water

consumed in the basin is from bare or degraded land and is therefore “unproductive”.

Within the rain-fed agricultural areas, over half of the water consumed is due to

evaporation from bare soil. Rehabilitation of these areas as well as reduction of bare

land could help boost overall productivity.

5. Monitoring networks need to be maintained: Continuous monitoring of hydrological

parameters is essential for the timely assessment of current water resources status. A

number of monitoring stations have been established in the basin over the years since

1977. However, data availability and quality is variable, with some stations discontinued

and others with several periods’ worth of missing data. While remote sensing and

hydrological simulation models can serve as useful tools to fill this data gap and can be

used to evaluate the impact of various intervention scenarios, in situ data are still

required for calibration and validation purposes.

6. Regular water accounting is essential: A regular system of monitoring and reporting on

water resources using a consistent approach and comparable indicators does not

currently exist in the basin; regular water accounting provides critically needed

information to inform management decisions and investments. Addressing the water

resources situation in the basin requires the careful allocation and reallocation of scarce

water, boosting of agricultural water productivity, steps to protect water quality and

promote water reuse, and the careful monitoring and enforcement of policy

commitments and decisions. The water accounts produced through this study provide a

baseline for these actions and, with regular updates, could provide a basis for

monitoring progress in the future.

7. Capacity-building is needed: Institutional capacity development in using, interpreting

and applying the data, as well as an understanding of the limitations of the data in

policy and management contexts, will be important in order to fully utilize the water
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accounts to inform water resource use and development within the Souss Massa and

other basins in Morocco.
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APPENDIX A. Water accounting and definitions

Available water: water that can be allocated to various water-use sectors, calculated as the

exploitable water minus reserved outflows and non-utilizable outflow

Beneficial ET: the fraction of total evapotranspiration (ET) that is used for its intended

purposes

Consumed water: total ET plus non-recoverable water

Depleted water: the total volume of water that leaves the basin permanently over the

accounting period through ET

Desalination inflow: the total inflow from desalination plants

Exploitable water: water present in reservoirs, rivers, lakes and groundwater that may be

available for exploitation, calculated as the net inflow minus landscape ET

External: the total volume of water entering the basin from outside the basin boundaries

Gross inflows: the total inflow into the basin from surface water, groundwater, other inflows

and precipitation

Groundwater inflow: any subsurface-water inflow to basin

Incremental ET: the fraction of total ET from sources other than rainfall (i.e. from blue water

sources)

Landscape ET: ET from natural processes (i.e. the water cycle without artificial supply)

Managed water use: the landscape elements that receive withdrawals

Modified land use: the landscape elements that are modified for food, feed, fibre, biofuel

and fish production

Net inflows: gross inflow after correction for storage change; this volume represents the

water available for landscape ET and the exploitable portion

Non-beneficial ET: the fraction of total ET that is not used for its intended purpose

Non-consumed water: the total water that is not consumed during the accounting period

Non-recoverable flow: the water that flows to sinks or is unavailable for further use due to

quality degradation
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Non-utilizable flow: the fraction of the outflow that is not committed, but that cannot be

utilized (e.g. flash floods, groundwater outflow)

Protected land use: conservation areas with a legal protection status (e.g. national parks)

Rainfall ET: total ET resulting from direct rainfall (i.e. total green ET)

Reserved outflow: surface water that has been reserved to meet committed flow,

navigational flow and environmental flow requirements

Return flow: the fraction of water from groundwater or surface-water withdrawals that

returns to surface-water flows

Storage change: total surface-water, groundwater and soil moisture storage change

Subsurface inter-basin transfer: subsurface-water outflows from the basin

Surface-water inflow: surface-water inflow to the basin including inter-basin transfer

Surface inter-basin transfer: surface-water transfer into the basin

Surface-water outflow: surface-water outflow from the basin to the sea, lake, etc.

Total outflow: water that leaves the basin in liquid form from surface-water and

groundwater sources

Utilizable outflow: the fraction of the outflow that is available for further development

Utilized flow: water consumed as a result of human interventions

Utilized land use: the landscape areas with limited human interference

Vertical recharge: vertical infiltration of water into the saturation zone to replenish an

aquifer
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APPENDIX B. Water accounting and computational steps

The Water Accounting Plus (WA+) framework is designed for use in data-scarce basins,

where in situ data from hydrological and meteorological networks are limited or unavailable.

The approach uses open-access inputs, with a focus on remote sensing data sets to compute

the water balance for a river basin or watershed. The WA+ framework is implemented as a

set of scripts programmed in the Python programming language referred to as the WA+

Toolbox (Figure 1). The watools module within the toolbox is used to download and

preprocess the various input data sets; the WaterPix module uses the outputs from this to

calculate a pixel-based water balance for the basin. The water accounts are calculated

through the third module, WA Hyperloop. The WA+ Toolbox and WA Hyperloop can be

accessed at https://github.com/wateraccounting/.

The framework consists of five major steps to calculate and present the water accounts: i)

data download and preprocessing, ii) water balance modelling, iii) calibration/validation of

outputs, iv) generation of water accounts, and v) interpretation and presentation of results

(Figure B1).

Figure B1. The WA+ Toolbox: main processing modules

During the initial data preparation step, various remote sensing data sets and tabular data

are acquired from different sources. These data are then preprocessed by resampling and

reprojecting, gap filling, and clipping. The preprocessed data sets are subsequently analysed

to select the most representative for the basin of interest. This involves comparison with

available in situ data, and any calibration needed to address systematic errors in the

remotely sensed data. The hydrological variability of the basin is then characterized by

computing various water balance indicators across the watershed using the WaterPix model.

In the third step, the water balance results are validated and the model calibrated by

comparing the water balance parameters with in situ, measured data. Following this, the

water accounts are produced and basin-wide water balance indicators are presented for
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each major land-use class. Finally, results are generated in the form of spatial maps, tables

and thematic sheets for further interpretation and presentation.

The WA+ framework uses a mass balance approach to compute water depletions for various

land-use classes (Equation B1) using the WaterPix model:

𝑖=1

12

∑ 𝑃𝑖 + 𝐸𝑇𝑖 − Δ𝑆𝑖 =
𝑖=1

12

∑ 𝑄
𝑠𝑟𝑜
𝑖 + 𝑄

𝑏𝑓
𝑖 (B1)

where P is precipitation, ET is evapotranspiration, ΔS is storage change, Qsro is surface run-off

and Qbf is base flow in month i.

WaterPix is a pixel based vertical water balance model for the unsaturated root zone that

describes the exchanges between land and atmosphere fluxes (i.e. rainfall and

evapotranspiration) by partitioning flow into infiltration and surface runoff. At each pixel

location ET that is due to rainfall (ETg) is calculated, along with the ET that is due to

additional supply (ETinc) through evaluation of the soil moisture balance (Figure B2). When

P>ET pixels are classified as ET due to rainfall; conversely, when ET>P it is due to additional

supply. The water balance is then computed for both sources of ET in two steps: first when

the source of the ET is rainfall only, and second when the source of the ET includes

additional supply (Qsupply; Figure B3, Equation 1 and 2). Also, total ET separated into its

various components (interception, transpiration, evaporation, blue and green ET) as

described below. For areas where there is no measured data, the WaterPix model estimates

the runoff using the water balance approach. The detailed computational steps for the ET

separation and runoff estimation are described below.

Figure B2. Workflow of the pixel-based water balance model (WaterPix)
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Qsupply is the additional supply in month i.

Figure B3. Conceptualization of the pixel-based water balance model (WaterPix) used within

the WA+ framework (P = precipitation, ETincr = incremental ET, ETa = actual ET, ETg = green ET,

Sg = groundwater storage, ΔS = change in groundwater storage, Qsro = surface run-off, Qsro, incr

= incremental surface run-off, Qsup = additional supply, QBF = baseflow, R = recharge and Rincr =

incremental recharge)

Evapotranspiration

ET is first separated into its component parts (interception, transpiration and evaporation) to

quantify the consumption of water per land-use class.

Interception

Monthly leaf area index (LAI) maps were aggregated from MOD15 eight-daily LAI products.

Interception maps were computed according to Von Hoyningen-Hüne (1983) and Braden

(1985) as described in Kroes et al. (2008):

𝐼
𝑚 

=  1 −  1

1+ 
𝑃

𝑚

𝑛
𝑚

* 1−𝑒𝑥𝑝
−0.5*𝐿𝐴𝐼

𝑚( )* 1
𝐿𝐴𝐼

𝑚

( ) * 𝐿𝐴𝐼
𝑚

* 𝑛
𝑚

where 𝐼m is interception [𝑚𝑚/𝑚𝑜𝑛𝑡ℎ], 𝑃m is precipitation [𝑚𝑚/𝑚𝑜𝑛𝑡ℎ], nm is the number of

rainy days [𝑑𝑎𝑦𝑠/𝑚𝑜𝑛𝑡ℎ], 𝐿𝐴𝐼m is the leaf area index [−] and m is the month [−].
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Transpiration

Monthly net primary production was used to estimate monthly net dry matter as:

𝑁𝐷𝑀m=22.222*𝑁𝑃𝑃m

where 𝑁𝑃𝑃m is the monthly net primary production [gC/m2/month] and 𝑁𝐷𝑀m is the net dry

matter [kg/ha/month].

The average and maximum monthly net dry mass were then calculated following the

formulas:

𝑁𝐷𝑀
𝑚

= 𝑚

𝑛

∑𝑁𝐷𝑀𝑚

𝑛

where is the average monthly net dry matter [kg/ha/month], 𝑁𝐷𝑀 is the net dry𝑁𝐷𝑀
𝑚

matter [kg/ha/month], m is the month (m = [1,...,12] [−]) and 𝑛 is the total number of

available dates for month m [−]; and

𝑁𝐷𝑀
𝑚𝑎𝑥,𝑚 

= 𝑚𝑎𝑥(𝑁𝐷𝑀
𝑚,1,1

, …,  𝑁𝐷𝑀
𝑚,𝑖,𝑗

)

where 𝑁𝐷𝑀𝑚𝑎𝑥 is the per pixel monthly maximum net dry matter [kg/ha/month], i is a

range of columns around i [−] and j is a range of rows around j [−].

Transpiration was computed as a function of net dry mass and maximum transpiration,

assuming the linear relation between biomass production and transpiration (Steduto et al.

2007):

𝑇
𝑚 

= 𝑚𝑖𝑛{0. 95 * (𝐸𝑇
𝑚

−  𝐼
𝑚

) 
𝑁𝐷𝑀

𝑚

𝑁𝐷𝑀
𝑚𝑎𝑥,𝑚

* 0. 95 * (𝐸𝑇
𝑚

− 𝐼
𝑚

) 

where 𝑇m is the transpiration [𝑚𝑚/𝑚𝑜𝑛𝑡ℎ] and 𝐸𝑇m is the actual ET [𝑚𝑚/𝑚𝑜𝑛𝑡ℎ].

Evaporation

Finally, evaporation was computed as the residual of Tm and ETm:

𝐸m=𝐸𝑇m−𝐼m−𝑇m
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Calculation of change in soil moisture storage

Daily soil moisture (𝜃) was obtained from the Global Land Data Assimilation System (GLDAS)

soil moisture data. The monthly soil moisture was computed for the beginning of the month,

the monthly average and the last day of the month from these data. A root-zone soil

moisture for the first day of the month, the last day of the month (𝜃𝑥𝑟𝑧) and average for the

month were computed following Bastiaanssen et al. (2012) as:

θ
𝑜𝑟𝑧

= 0. 1 * 𝐿𝐴𝐼 + (1 − 0. 1𝐿𝐴𝐼( ) * 𝑒
θ

𝑜

θ
𝑆𝐴𝑇

*(−0.5*𝐿𝐴𝐼−1)( ) * θ
𝑆𝐴𝑇

where LAI is the leaf area index and SAT is the saturated soil moisture content that was

obtained from HiHydroSoil soil data (De Boer 2016). The soil moisture storage change in the

root zone was then estimated as:

Δ𝑆𝜃=𝑅𝑑∗(𝜃𝑥𝑟𝑧−𝜃𝑜𝑟𝑧)

where Rd is the root depth.

Estimation of water supply

Additional water supply (in addition to rainfall) enhances ET due to rainfall (ETg). The ET

from this additional supply of water is termed incremental rainfall (ΔET or ETb). The total ET

(ETa) is therefore the sum of ETg, and incremental ΔET or ETb:

ETa = ETg + ETb

ETg, by definition, is from moisture that is infiltrated after rainfall (P) and has not been in

contact with groundwater, drainage water or river floods. ETb is from surface or

groundwater uptakes, which occur in many places in the watershed landscape. For pixels

where ETa is greater than the effective rainfall (Peff), there is an additional source of water

which would be the withdrawal. The sources of the supply could be land management

activities (e.g. irrigation) or natural supply (e.g. floods, perched water tables). The Budyko

(1974) framework is used to separate ETa into ETg and ETb (Rouholahnejad and Kirchner

2017).

The amount of water supplied to each pixel is a function of ETb and a consumed fraction (fc):

𝑄𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑓(𝐸𝑇𝑏, 𝐿𝑈) =  𝐸𝑇𝑏
𝑓𝑐

fc is dependent on the land-use class and was suggested to preplace the classical irrigation

efficiencies (Molden 1997; Simons et al. 2016). The consumed fractions applied in this study

are specified in Table B1.
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Table B1. Consumed fraction per land use

Land-use class Consumed fraction

Forest 1

Shrubland 1

Rain-fed crops 1

Forest plantations 1

Natural waterbodies 0.15

Wetland 0.15

Natural grassland 0.7

Other (non-artificial) 0.4

Irrigated crops 0.8

Managed waterbodies 0.4

Other 0.4

Estimation of surface run-off

The total natural surface run-off (SROg) was calculated using a modified Soil Conservation

Service run-off equation. The modified version replaces the curve numbers by a dynamic soil

moisture deficit term to account for the dry and wet season infiltration (Schaake et al. 1996;

Choudhury and DiGirolamo 1998):

𝑆𝑅𝑂
𝑔

= {0 𝑖𝑓 𝑝 = 0 𝑃−𝐼( )2

𝑃−𝐼+ 𝑅
𝑑
*(θ

𝑆𝐴𝑇
− θ

𝑟𝑧
)  𝑖𝑓 𝑃≠0 

where P is monthly precipitation.
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In the presence of irrigation, the total surface run-off (SRO) includes supply in addition to

monthly precipitation:

𝑆𝑅𝑂 = {0 𝑖𝑓 𝑃 = 0 𝑎𝑛𝑑 𝑄
𝑠𝑢𝑝𝑝𝑙𝑦

= 0 
𝑃+𝑄

𝑠𝑢𝑝𝑝𝑙𝑦
 −𝐼( )2

𝑃+𝑄
𝑠𝑢𝑝𝑝𝑙𝑦

−𝐼+ 𝑅
𝑑
*(θ

𝑆𝐴𝑇
− θ

𝑟𝑧
)  𝑖𝑓 𝑃≠0 𝑜𝑟 𝑄

𝑠𝑢𝑝𝑝𝑙𝑦
 ≠0 

The incremental surface run-off is then computed as:

𝑆𝑅𝑂𝑏=𝑆𝑅𝑂−𝑆𝑅𝑂𝑔

Estimation of percolation

Percolation (Perc) is calculated as the residual of the root-zone water balance:

𝑃𝑒𝑟𝑐 = 𝑃+𝑄𝑠𝑢𝑝𝑝𝑙𝑦−𝐸𝑇𝑎−Δ𝑆𝜃−𝑆𝑅𝑂

To compute the incremental percolation (due to supply) (Percb), we first estimate the green

component of percolation (𝑃𝑒𝑟𝑐𝑔):

𝑃𝑒𝑟𝑐𝑔= 𝑃−𝐸𝑇𝑔−Δ𝑆𝜃−𝑆𝑅𝑂𝑔

followed by:

𝑃𝑒𝑟𝑐𝑏= 𝑃𝑒𝑟𝑐−𝑃𝑒𝑟𝑐𝑔=𝑄𝑠𝑢𝑝𝑝𝑙𝑦−𝑆𝑅𝑂𝑏−𝐸𝑇𝑏

Estimation of baseflow as a function of surface run-off and run-off ratio

We estimate baseflow from the total surface run-off and a run-off ratio (r). Run-off ratio is a

yearly ratio of surface run-off to total run-off calculated from the GLDAS model. The

difference between percolation and baseflow (BF) is an indication of groundwater storage

changes and the amount of groundwater available for abstraction. The annual run-off ratio is

distributed over the months using the filter_par (baseflow filter parameter (monthly

partitioning of run-off ratio)) and the root depth infiltration depth parameters that are

calibrated within the model (Table B2).

𝐵𝐹 =
𝑆𝑅𝑂

𝑟 − 𝑆𝑅𝑂

𝐵𝐹
𝑔

=
𝑆𝑅𝑂

𝑔

𝑟 − 𝑆𝑅𝑂
𝑔

The incremental baseflow (BFb) is calculated as follows:

𝐵𝐹𝑏= 𝐵𝐹−𝐵𝐹𝑔
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The total run-off into streams and rivers (RO) is then calculated as the sum of the baseflow

and surface run-off:

𝑅𝑂= 𝑆𝑅𝑂+𝐵𝐹

Table B2. WaterPix calibration parameters

Name Definition Range Default

Rd Root depth parameter 0-100 1

qr_par Minimum value of run-off ratio 0-1 0.4

Filter_par

Baseflow filter parameter

(monthly partitioning of run-off ratio) 0-1 0.5

Table B3. Outputs of the water balance model at the pixel level

Variable Definition

ΔSθ Soil moisture change

Qsupply Water supply

SRO Surface run-off

SROb

Incremental surface run-off generated because of water supply

(e.g. irrigation)

Perc Percolation

Percb

Incremental percolation generated because of water supply

(e.g. irrigation)

BF Base flow

BFb Incremental base flow generated due to water supply (e.g. irrigation)

RO Total run-off
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APPENDIX C. Remote sensing and spatial data sources

Data Scale Source Data Description

Elevation

(digital

elevation

model –

DEM)

90 m
US Geological Survey

HydroSHEDS
DEM

Land use

100 m

resolution

Food and Agriculture

Organization of the

United Nations (FAO)

Water Productivity

Open-access portal

(WaPOR) database:

https://wapor.apps.fao.o

rg/home/WAPOR_2/1

Yearly land-use for from

2009-2019

20 m

http://2016africalandcov

er20m.esrin.esa.int/dow

nload.php

Prototype high-resolution

land cover map over Africa

based on 2016 Sentinel-2A

observations

Precipitation

Climate

Hazards

Group

InfraRed

Precipitation

with Station

(CHIRPS)

precipitation

at 5 km

resolution,

monthly

The Climate Hazards

Group, University of

California, Santa Barbara

CHIRPS data
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temporal

resolution

Global

Precipitation

Measurement

(GPM)

precipitation

at 0.1 degree

spatial

resolution,

monthly

temporal

resolution

https://gpm.nasa.gov/da

ta/directory

Integrated multi-satellite

retrievals for GPM

Multi-Source

Weighted-Ens

emble

Precipitation

(MSWEP)

precipitation

0.1 degree

spatial

resolution,

daily

temporal

resolution

http://www.gloh2o.org/ MSWEP

ERA5 0.1

degree spatial

resolution,

monthly

temporal

resolution

https://cds.climate.cope

rnicus.eu/cdsapp#!/data

set/reanalysis-era5-land-

monthly-means?tab=ove

rview

ERA5-Land reanalysis

precipitation data set

Actual ET

1 km spatial

resolution,

monthly

temporal

resolution

https://earlywarning.usg

s.gov/fews

Actual evapotranspiration

(ET) from the Operational

Simplified Surface Energy

Balance (SSEBop) model
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Multiple

resolutions

from 1 km to

25 km spatial

resolution,

monthly

temporal

resolution

Multiple sources

Ensemble mean of ET

products: ALEXI, CSIRO

[Commonwealth Scientific

and Industrial Research

Organisation] MODIS

[Moderate Resolution

Imaging Spectroradiometer]

ReScaled EvapoTranspiration

(CMRSET), Global Land

Evaporation Amsterdam

Model (GLEAM), MOD16,

SSEBop, ET monitor

resampled to 250 m

100 m

resolution

FAO WaPOR database:

https://wapor.apps.fao.o

rg/home/WAPOR_2/1

Actual ET

Reference ET

250 m spatial

resolution,

monthly

temporal

resolution

United Nations

Educational, Scientific

and Cultural

Organization

(UNESCO)–IHE Delft

Institute for Water

Education Water

Accounting Research

Group, unpublished

product

Computed from the Global

Land Data Assimilation

System (GLDAS) model

1 arc-degree

resolution

https://earlywarning.usg

s.gov/fews

Computed from the Global

Data Assimilation System

(GDAS)

100 m

resolution

FAO WaPOR database:

https://wapor.apps.fao.o

rg/home/WAPOR_2/1

WaPOR reference ET

International

Union for

Conservation

Shapefile
https://www.protectedp

lanet.net/

IUCN and United Nations

Environment Programme

World Conservation
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of Nature

(IUCN)

protected

areas

Monitoring Centre

(UNEP-WCMC), 2007

GLDAS soil

moisture

0.25 degree

resolution

Rodell et al. (2004),

obtained from

http://grace.jpl.nasa.gov

Daily soil moisture content

Advanced

Scatteromet

er (ASCAT)

soil moisture

0.1 degree

resolution

https://land.copernicus.

eu/global/products/swi

ASCAT Soil moisture Index by

Copernicus

Environment

al flow

requirement

10 km

resolution

http://waterdata.iwmi.o

rg

Environmental water

requirements for sustaining

ecological processes and

biodiversity

Normalized

difference

vegetation

index (NDVI)

MOD13

250 m, 16-day

timescale
https://lpdaac.usgs.gov/

National Aeronautics and

Space Administration (NASA)

MODIS product

Leaf area

index (LAI)

MOD15A2

1 km, 8-day

timescale

http://reverb.echo.nasa.

gov/
NASA MODIS product

Net primary

productivity

(NPP)

MOD17A3

1 km, annual

timescale

http://www.ntsg.umt.ed

u/project/MOD17/ or

https://lpdaac.usgs.gov/

NASA MODIS product

Gross

primary

productivity

(GPP)

MOD17A2

1 km, 8-day

timescale

http://www.ntsg.umt.ed

u/project/MOD17/ or

https://lpdaac.usgs.gov/

NASA MODIS product
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Grey water

consumption

5-minute

resolution
Liu et al. (2012)

Water pollution level for

nitrogen and phosphorous in

the world's river basins

Global Map

of Irrigation

Areas

(GMIA)

5-minute

resolution

http://www.fao.org/nr/

water/aquastat/irrigatio

nmap/index10.stm

FAO GMIA

Gravity

Recovery

and Climate

Experiment

(GRACE)

storage

change

1 arc-degree

resolution

http://ccar.colorado.edu

/grace/about.html

Change in total water weight

including surface water,

groundwater and soil

moisture
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APPENDIX D. Historical monthly stream flows at stations within the Souss Massa river basin
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APPENDIX E. Goodness of fit statistics comparing remote

sensing products with station data

The various input data sets derived for data acquired by satellite-based sensors were

compared and assessed to select the most representative data for the region. The rainfall

products were evaluated by comparing satellite precipitation measurements with gauged

rainfall data. The remotely sensed precipitation measurements corresponding to the

location of each rainfall gauging station were extracted and the two data sets compared.

Accuracy was assessed by computing a number of evaluation coefficients including:

The coefficient of determination (R2) and Pearson’s correlation coefficient (r):

𝑅2 =
∑ 𝑂

𝑖
−𝑂

^
 ( ) 𝑃

𝑖
−𝑃

^
 ( )

∑ 𝑂
𝑖
− 𝑂

^( )2
∑ 𝑃

𝑖
− 𝑃

^( )2⎡⎢⎢⎣

⎤⎥⎥⎦

1
2

⎧
⎪

⎨⎪
⎩

⎫
⎪

⎬⎪
⎭

2

(E3)

The index of agreement (d):

𝑑 = 1 −
∑ 𝑂

𝑖
− 𝑃

𝑖( )2

∑ 𝑃
𝑖
− 𝑂

^|||
|||+ |𝑂

𝑖
− 𝑂

^
|( )2

(4)

The coefficient of persistence (cp):

𝑐𝑝 = 1 −
∑ 𝑂

𝑖
− 𝑃

𝑖( )2

∑ 𝑂
𝑖
− 𝑂

𝑖−1( )2

(5)

The Kling-Gupta efficiency (KGE):

𝐾𝐺𝐸 = 1 − 𝑟 −  1( )2 +  β −  1( )2 +  γ −  1( )2 (6)

𝑟 =
∑ 𝑂

𝑖
−𝑂
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(7)
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β = 𝑃
^

𝑂
^
 (8)

γ =
𝐶𝑉

𝑃

𝐶𝑉
𝑜
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σ
𝑃

𝑃
^

σ
𝑜

𝑂
^  

(9)

Per cent bias (PBIAS):

𝑃𝐵𝐼𝐴𝑆 =
∑ 𝑂

𝑖
−𝑃

𝑖
 ( )*100

∑𝑂
𝑖

⎧⎪
⎨⎪⎩

⎫⎪
⎬⎪⎭

(10)

Root-mean squared error (RMSE)-observations standard deviation ratio (RSR):

𝑅𝑆𝑅 = 𝑅𝑀𝑆𝐸
𝑆𝑇𝐷𝐸𝑉

𝑜
(11)

Nash-Sutcliffe efficiency (NSE):

𝑁𝑆𝐸 = 1 −
∑ 𝑂

𝑖
− 𝑃

𝑖( )2

∑  𝑂
𝑖
− 𝑂

^( )2

(12)

R2 is a measure of the collinearity between the measured and observed rainfall data. R2

ranges between 0 and 1 and as values approach 1, results become more statistically sound

(Legates and McCabe Jr 1999). The index of agreement (d) is a standardized measure of the

degree of the error between the satellite measurements and the observed rainfall. 1

indicates perfect agreement between the measured and predicted measurement while 0

indicates no agreement at all (Willmott 1981). The coefficient of persistence efficiency (cp) is

a normalized evaluation statistic that quantifies the relative magnitude of the residual

variance (“noise”) to the variance of the errors obtained by the use of a simple persistence

model (Gupta, Sorooshian and Yapo 1999). Cp ranges from 0 to 1, with 1 being the optimal

value. Kling-Gupta efficiency (KGE) (Kling, Fuchs and Paulin 2012; Gupta et al. 2009) is a
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goodness of fit statistic that measures the overall performance by considering three

individual metrics: a) Pearson product-moment correlation coefficient (r) which measures

the linear correlation between the gauge data and satellite rainfall estimates; b) bias (β)

which measures the average tendency of the satellite values to be larger (β > 1,

overestimation) or smaller (β < 1, underestimation) than gauge data; and c) variability (γ)

which indicates the degree of dispersion of the satellite estimates compared to the observed

data (Saouabe et al. 2020). KGE varies from minus infinity to 1, with the values closer to 1

indicating closer agreement of estimated values with the observed values. Per cent bias

(PBIAS) measures the average tendency of the bias remote sensing product compared to the

observed (Gupta, Sorooshian and Yapo 1999). Low PBIAS values indicate low bias with

optimal values of 0, positive values indicate underestimation bias, and negative values

indicate overestimation bias.
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Table E1. Summary goodness of fit statistics comparing station rainfall data with the Climate Hazards Group InfraRed Precipitation with Station

(CHIRPS) remote sensing rainfall product
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Note: ME = mean error, MAE = mean absolute error, MSE = mean squared error, RMSE = root-mean squared error, NRMSE = normalized

root-mean squared error, PBIAS = per cent bias, RSR = RMSE-observations standard deviation ratio, rSD = ratio of standard deviations, NSE =

Nash-Sutcliffe efficiency, d = index of agreement, md = modified index of agreement, cp = coefficient of persistence, R2 = coefficient of

determination, bR2 = coefficient of determination multiplied by the slope of the linear regression, KGE = Kling-Gupta efficiency and VE =

volumetric efficiency.
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Table E2. Summary goodness of fit statistics computed when comparing station rainfall data with the ERA5 remote sensing rainfall product
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Note: ME = mean error, MAE = mean absolute error, MSE = mean squared error, RMSE = root-mean squared error, NRMSE = normalized

root-mean squared error, PBIAS = per cent bias, RSR = RMSE-observations standard deviation ratio, rSD = ratio of standard deviations, NSE =

Nash-Sutcliffe efficiency, d = index of agreement, md = modified index of agreement, cp = coefficient of persistence, R2 = coefficient of

determination, bR2 = coefficient of determination multiplied by the slope of the linear regression, KGE = Kling-Gupta efficiency and VE =

volumetric efficiency.

112



Table E3. Summary goodness of fit statistics computed when comparing station rainfall data with the Global Precipitation Measurement (GPM)

remote sensing rainfall product
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Note: ME = mean error, MAE = mean absolute error, MSE = mean squared error, RMSE = root-mean squared error, NRMSE = normalized

root-mean squared error, PBIAS = per cent bias, RSR = RMSE-observations standard deviation ratio, rSD = ratio of standard deviations, NSE =

Nash-Sutcliffe efficiency, d = index of agreement, md = modified index of agreement, cp = coefficient of persistence, R2 = coefficient of

determination, bR2 = coefficient of determination multiplied by the slope of the linear regression, KGE = Kling-Gupta efficiency and VE =

volumetric efficiency.
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Table E4. Summary goodness of fit statistics computed when comparing station rainfall data with the Multi-Source Weighted-Ensemble

Precipitation (MSWEP) remote sensing rainfall product
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Note: ME = mean error, MAE = mean absolute error, MSE = mean squared error, RMSE = root-mean squared error, NRMSE = normalized

root-mean squared error, PBIAS = per cent bias, RSR = RMSE-observations standard deviation ratio, rSD = ratio of standard deviations, NSE =

Nash-Sutcliffe efficiency, d = index of agreement, md = modified index of agreement, cp = coefficient of persistence, R2 = coefficient of

determination, bR2 = coefficient of determination multiplied by the slope of the linear regression, KGE = Kling-Gupta efficiency and VE =

volumetric efficiency.
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Table E5. Summary goodness of fit statistics computed when comparing station evapotranspiration data with the various remote sensing

evapotranspiration products

Note: ET = evapotranspiration, WaPOR = Water Productivity Open-access portal, SSEBop = Operational Simplified Surface Energy Balance, ME =

mean error, MAE = mean absolute error, MSE = mean squared error, RMSE = root-mean squared error, NRMSE = normalized root-mean squared

error, PBIAS = per cent bias, RSR = RMSE-observations standard deviation ratio, rSD = ratio of standard deviations, NSE = Nash-Sutcliffe

efficiency, d = index of agreement, md = modified index of agreement, cp = coefficient of persistence, R2 = coefficient of determination, bR2 =

coefficient of determination multiplied by the slope of the linear regression, KGE = Kling-Gupta efficiency and VE = volumetric efficiency.
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APPENDIX F. Uncertainty analysis - remote sensing and

climate change data

Satellite-based products typically have two kinds of errors: systematic and random error.

These errors arise as a result of the input data sets, sensors or models used. Random errors,

which are mainly due to sensor sampling errors, can be reduced by spatial and temporal

aggregations. Systematic errors are due to biases between the observed data and satellite

measurements which are typically reduced by validation using in situ observations.

Validation of the rainfall data indicated that the ERA5 data was adequate for use. However,

due the lack of availability of a high spatio-temporal rainfall data set, we evaluated error in

the ERA5 precipitation and Water Productivity Open-access portal (WaPOR)

evapotranspiration (ET) using long-term precipitation and ET data sets. Following Senay et al.

(2014), the error in ERA5 and WaPOR ET was evaluated by using Food and Agriculture

Organization of the United Nations (FAO) precipitation generated from 1,600 station data for

the period 1961-1990 (FAO 1997) and the Max Planck Institute (MPI) ET derived by

combining eddy covariance data and machine learning (Jung et al. 2010). Error in

participation (P) and ET was estimated by computing:

ε 𝑃( ) =  
𝑃

𝐸𝑅𝐴5

𝑃
𝐹𝐴𝑂

− 1( ) 𝑥 100 (13)

ε 𝐸𝑇( ) =  
𝐸𝑇

𝑊𝑎𝑃𝑂𝑅

𝐸𝑇
𝑀𝑃𝐼

− 1( ) 𝑥 100 (14)

where and are the annual average P and ET of respective products and (ET) and (P)𝑃
𝑥

𝐸𝑇
𝑥

ε ε

are systematic error in P and ET respectively.

Then the annual per cent bias water yield (P – ET) can be calculated as:

=ε 𝑃 − 𝐸𝑇( ) ε 𝑃( ) −  ε 𝐸𝑇( ) (15)

The estimated water yield (P – ET) is adjusted for bias by computing:

𝐴𝑑𝑗 𝑃 − 𝐸𝑇( ) = 1 − ε 𝑃−𝐸𝑇( )
100( )𝑥 (𝑃 − 𝐸𝑇) (16)
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The adjusted water yield is compared to the unadjusted water yield to evaluate the

confidence in the model data.

To evaluate the variability in predicting precipitation with the various climate change

models, we evaluated the agreement across the models by quantifying the relative

uncertainty of the output of the various models. This was evaluated by estimating the

signal-to-noise ratio (SNR) as presented in Fischer et al. (2014) and Matte et al. (2019):

𝑆𝑁𝑅 =
µ

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝑆𝐷
𝑚𝑜𝑑𝑒𝑙 (17)

where is the baseline mean precipitation and SDmodel is the standard deviation ofµ
𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

predicted precipitation across the nine models used in generating the ensemble mean. The

SNR is considered a good proxy of the robustness of the signal (Fischer et al. 2014). Values of

SNR greater than 1 assume there is not much significant difference in the various model

predictions, whereas SNR lower than 1 indicates a significant variance among the model

predictions. The SNR was calculated in two steps: first, the metric was calculated at each

pixel location across the basin. Then, we calculate the area-weighted global median to get a

robust basin-wide estimate.
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APPENDIX G. Annual water accounts for the Souss Massa

river basin, 2009-2018
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APPENDIX H. Decadal water accounts for the Souss Massa

river basin, 2020-2059
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APPENDIX I. Seasonal water accounts for the Souss Massa river basin

II. Wet season, 2009-2018

Description 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 MEAN SD

Gross inflow 11.53 8.78 3.19 7.65 3.43 8.81 4.06 7.22 5.45 4.58 6.47 2.76

 

 

 

Precipitation 11.53 8.78 3.19 7.65 3.43 8.81 4.06 7.22 5.45 4.58 6.47 2.76

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 1.24 0.45 0.43 1.23 0.02 0.73 0.95 0.69 -0.33 1.30 0.67 0.54

Net inflow 12.77 9.23 3.62 8.88 3.45 9.54 5.01 7.91 5.12 5.89 7.14 3.01

 

 

 

 

 

 

Landscape ET 3.82 3.67 2.52 3.79 2.40 2.66 2.70 3.54 2.79 3.17 3.11 0.56

Exploitable water 8.94 5.56 1.10 5.09 1.05 6.88 2.31 4.37 2.34 2.71 4.04 2.60

Available water 8.50 5.09 1.00 4.72 0.96 6.60 2.11 4.01 2.12 2.46 3.76 2.49

Utilized flow 8.10 5.03 1.00 4.61 0.96 6.23 2.10 3.96 2.12 2.46 3.66 2.35

Utilizable outflow 0.40 0.06 0.00 0.12 0.00 0.37 0.02 0.05 0.00 0.00 0.10 0.15

Non-utilizable outflow 0.03 0.02 0.00 0.01 0.00 0.02 0.00 0.01 0.01 0.00 0.01 0.01
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Reserved outflow 0.42 0.45 0.10 0.35 0.09 0.26 0.19 0.35 0.21 0.25 0.27 0.12

Incremental ET 1.19 0.24 0.56 0.40 0.53 0.71 0.59 0.51 0.57 2.02 0.73 0.52

Non-recoverable flow 8.01 4.99 0.92 4.57 0.88 6.14 2.02 3.91 2.05 2.36 3.59 2.35

Depletions             

 

 

Consumed water 11.92 8.70 3.52 8.39 3.36 8.89 4.79 7.50 4.91 5.64 6.76 2.76

Depleted water 3.91 3.71 2.60 3.83 2.48 2.75 2.77 3.59 2.85 3.28 3.18 0.55

Outflow 8.86 5.52 1.02 5.05 0.97 6.80 2.24 4.32 2.27 2.61 3.97 2.60
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I2. Dry season, 2009-2018

Description 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 MEAN SD

Gross inflow 1.92 2.09 3.71 1.74 1.04 1.81 1.70 2.11 0.74 2.37 1.92 0.80

 

 

 

Precipitation 1.92 2.09 3.71 1.74 1.04 1.81 1.70 2.11 0.74 2.37 1.92 0.80

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 2.17 2.88 3.97 2.49 3.01 1.69 1.99 2.14 3.06 1.92 2.53 0.70

Net inflow 4.09 4.97 7.68 4.23 4.06 3.50 3.69 4.25 3.80 4.29 4.46 1.20

 

 

 

 

 

 

 

 

Landscape ET 3.17 4.06 4.71 3.48 3.33 2.77 3.19 3.25 3.39 3.27 3.46 0.54

Exploitable water 0.93 0.91 2.97 0.75 0.73 0.74 0.50 1.00 0.42 1.01 1.00 0.72

Available water 0.85 0.84 2.80 0.69 0.67 0.68 0.47 0.91 0.39 0.92 0.92 0.68

Utilized flow 0.85 0.84 2.70 0.69 0.67 0.68 0.47 0.91 0.39 0.92 0.91 0.65

Utilizable outflow 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03

Non-utilizable
outflow

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reserved outflow 0.08 0.07 0.18 0.06 0.06 0.06 0.04 0.08 0.03 0.09 0.07 0.04
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 Incremental ET 1.11 1.67 1.68 1.45 1.30 1.06 1.10 1.08 1.74 1.04 1.33 0.29

Non-recoverable
flow

0.73 0.69 2.58 0.56 0.55 0.56 0.35 0.80 0.25 0.83 0.79 0.65

Depletions             

 

 

Consumed water 4.02 4.90 7.41 4.17 4.00 3.44 3.65 4.17 3.78 4.20 4.37 1.14

Depleted water 3.29 4.20 4.83 3.61 3.46 2.88 3.31 3.36 3.52 3.37 3.58 0.55

Outflow 0.81 0.77 2.85 0.62 0.60 0.62 0.38 0.89 0.28 0.91 0.87 0.72
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I3. Wet season, 2020-2039

Description 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Gross inflow 5.31 5.34 7.59 5.45 6.32 4.52 5.05 4.52 6.60 3.35 6.10

 

 

 

Precipitation 5.31 5.34 7.59 5.45 6.32 4.52 5.05 4.52 6.60 3.35 6.10

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 1.69 1.75 3.13 1.66 2.24 1.39 1.68 1.34 2.22 0.76 1.93

Net inflow 7.00 7.09 10.71 7.11 8.56 5.91 6.73 5.85 8.82 4.11 8.03

 

 

 

 

 

 

 

 

Landscape ET 4.90 4.94 6.89 5.03 5.78 4.22 4.69 4.23 6.03 3.21 5.61

Exploitable water 2.10 2.15 3.83 2.09 2.78 1.69 2.04 1.62 2.79 0.90 2.42

Available water 1.92 1.95 3.56 1.90 2.54 1.53 1.85 1.47 2.55 0.82 2.21

Utilized flow 1.90 1.95 3.46 1.89 2.51 1.53 1.85 1.47 2.52 0.82 2.19

Utilizable outflow 0.01 0.00 0.10 0.01 0.03 0.00 0.00 0.00 0.03 0.00 0.02

Non-utilizable
outflow

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reserved outflow 0.18 0.20 0.26 0.19 0.24 0.16 0.19 0.15 0.24 0.08 0.21
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 Incremental ET 0.24 0.25 0.20 0.25 0.21 0.26 0.27 0.28 0.22 0.30 0.25

Non-recoverable
flow

1.85 1.89 3.41 1.83 2.47 1.48 1.79 1.41 2.47 0.76 2.14

Depletions            

 

 

Consumed water 6.80 6.88 10.35 6.92 8.29 5.76 6.53 5.70 8.55 4.03 7.80

Depleted water 4.95 4.99 6.93 5.08 5.82 4.28 4.74 4.29 6.08 3.27 5.66

Outflow 2.05 2.09 3.78 2.03 2.73 1.63 1.98 1.56 2.74 0.84 2.37
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Wet season, 2020-2039 continued

Description  2031 2032 2033 2034 2035 2036 2037 2038 MEAN SD

Gross inflow  5.35 6.18 5.13 5.78 4.99 4.05 7.81 6.54 5.58 1.13

 Precipitation 5.35 6.18 5.13 5.78 4.99 4.05 7.81 6.54 5.58 1.13

 Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

 Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change  1.72 2.08 1.50 1.55 1.92 1.22 2.94 2.62 1.86 0.58

Net inflow  7.07 8.26 6.63 7.33 6.91 5.26 10.75 9.16 7.44 1.69

 Landscape ET 4.95 5.67 4.77 5.32 4.64 3.81 7.11 5.97 5.14 0.98

 Exploitable water 2.12 2.59 1.86 2.01 2.27 1.46 3.64 3.18 2.29 0.72

 Available water 1.92 2.34 1.69 1.82 2.07 1.32 3.39 2.93 2.09 0.68

 Utilized flow 1.92 2.34 1.69 1.82 2.06 1.32 3.29 2.88 2.07 0.65

 Utilizable outflow 0.00 0.00 0.00 0.00 0.01 0.00 0.10 0.05 0.02 0.03

 Non-utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

 Reserved outflow 0.20 0.25 0.18 0.19 0.20 0.13 0.25 0.25 0.20 0.05

 Incremental ET 0.25 0.23 0.26 0.24 0.27 0.27 0.21 0.22 0.25 0.03
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 Non-recoverable flow 1.87 2.29 1.63 1.77 2.00 1.26 3.25 2.83 2.02 0.66

Depletions            

 Consumed water 6.86 8.01 6.46 7.14 6.70 5.13 10.40 8.85 7.22 1.62

 Depleted water 5.00 5.72 4.82 5.37 4.70 3.86 7.16 6.02 5.20 0.98

Outflow  2.07 2.54 1.81 1.96 2.21 1.40 3.59 3.14 2.19 0.73
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I4. Dry season, 2020-2039

Description 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Gross inflow 1.03 1.00 0.98 1.04 1.21 0.86 1.36 1.13 0.82 1.38 0.76

 

 

 

Precipitation 1.03 1.00 0.98 1.04 1.21 0.86 1.36 1.13 0.82 1.38 0.76

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 0.56 0.58 0.49 0.62 0.49 0.57 0.51 0.48 0.42 0.74 0.52

Net inflow 1.59 1.58 1.47 1.67 1.70 1.44 1.87 1.61 1.23 2.11 1.28

 

 

 

 

 

 

 

 

Landscape ET 1.16 1.13 1.11 1.16 1.31 1.00 1.43 1.24 0.97 1.45 0.92

Exploitable water 0.43 0.45 0.36 0.50 0.38 0.43 0.44 0.37 0.27 0.66 0.36

Available water 0.39 0.41 0.33 0.46 0.35 0.40 0.40 0.34 0.25 0.61 0.33

Utilized flow 0.39 0.41 0.33 0.46 0.35 0.40 0.40 0.34 0.25 0.61 0.33

Utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Non-utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reserved outflow 0.04 0.04 0.03 0.04 0.03 0.04 0.04 0.03 0.02 0.06 0.03

Incremental ET 0.31 0.31 0.30 0.30 0.31 0.30 0.29 0.31 0.31 0.29 0.31
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 Non-recoverable flow 0.33 0.35 0.27 0.40 0.29 0.34 0.35 0.28 0.18 0.55 0.27

Depletions            

 

 

Consumed water 1.55 1.54 1.44 1.62 1.67 1.40 1.84 1.58 1.21 2.05 1.25

Depleted water 1.22 1.20 1.17 1.22 1.38 1.06 1.49 1.30 1.03 1.50 0.98

Outflow 0.37 0.38 0.30 0.44 0.32 0.37 0.38 0.31 0.20 0.61 0.29
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Dry season, 2020-2039 continued

Description 2031 2032 2033 2034 2035 2036 2037 2038 MEAN SD

Gross inflow 1.19 1.39 1.01 1.04 1.25 0.93 0.94 0.88 1.08 0.19

 

 

 

Precipitation 1.19 1.39 1.01 1.04 1.25 0.93 0.94 0.88 1.08 0.19

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 0.71 0.57 0.67 0.52 0.70 0.54 0.53 0.92 0.64 0.12

Net inflow 1.89 1.96 1.67 1.56 1.96 1.48 1.47 1.80 1.72 0.24

 

 

 

 

 

 

 

 

Landscape ET 1.28 1.48 1.13 1.16 1.35 1.08 1.08 1.02 1.20 0.16

Exploitable water 0.61 0.48 0.54 0.40 0.61 0.40 0.39 0.78 0.52 0.12

Available water 0.56 0.44 0.50 0.37 0.55 0.36 0.36 0.71 0.48 0.11

Utilized flow 0.56 0.44 0.50 0.37 0.55 0.36 0.36 0.71 0.48 0.11

Utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Non-utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reserved outflow 0.05 0.04 0.05 0.03 0.05 0.03 0.03 0.07 0.04 0.01

Incremental ET 0.29 0.30 0.31 0.31 0.31 0.32 0.31 0.31 0.31 0.01
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 Non-recoverable flow 0.50 0.38 0.43 0.31 0.49 0.30 0.29 0.64 0.42 0.11

Depletions           

 

 

Consumed water 1.84 1.92 1.63 1.53 1.91 1.44 1.44 1.73 1.67 0.23

Depleted water 1.34 1.54 1.19 1.22 1.41 1.14 1.14 1.08 1.26 0.16

Outflow 0.55 0.42 0.48 0.34 0.55 0.33 0.32 0.71 0.46 0.13
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I5. Wet season, 2040-2059

Description 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050

Gross inflow 6.18 4.96 5.07 4.71 3.33 2.82 6.43 4.94 2.80 4.17 5.25

 

 

 

Precipitation 6.18 4.96 5.07 4.71 3.33 2.82 6.43 4.94 2.80 4.17 5.25

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 2.19 1.47 1.58 1.03 0.64 0.71 2.20 1.54 0.56 1.17 1.45

Net inflow 8.37 6.43 6.64 5.74 3.97 3.53 8.63 6.48 3.36 5.35 6.70

 

 

 

 

 

 

 

 

Landscape ET 5.76 4.70 4.79 4.45 3.25 2.79 5.99 4.68 2.78 3.99 4.94

Exploitable water 2.60 1.73 1.86 1.29 0.72 0.74 2.64 1.80 0.58 1.35 1.75

Available water 2.41 1.58 1.70 1.19 0.66 0.67 2.43 1.63 0.53 1.23 1.59

Utilized flow 2.35 1.57 1.68 1.17 0.66 0.67 2.38 1.63 0.53 1.23 1.59

Utilizable outflow 0.05 0.01 0.02 0.02 0.00 0.00 0.04 0.00 0.00 0.00 0.00

Non-utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reserved outflow 0.19 0.15 0.15 0.10 0.06 0.06 0.21 0.17 0.05 0.12 0.16

Incremental ET 0.24 0.27 0.27 0.26 0.31 0.31 0.23 0.28 0.32 0.29 0.25
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 Non-recoverable flow 2.30 1.51 1.63 1.11 0.59 0.61 2.33 1.57 0.46 1.17 1.53

Depletions            

 

 

Consumed water 8.12 6.27 6.47 5.62 3.91 3.46 8.38 6.31 3.31 5.22 6.53

Depleted water 5.82 4.76 4.84 4.51 3.32 2.86 6.04 4.74 2.85 4.06 5.00

Outflow 2.55 1.67 1.80 1.23 0.66 0.67 2.58 1.74 0.51 1.29 1.70
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Wet season, 2040-2059 continued

Description 2051 2052 2053 2054 2055 2056 2057 2058 MEAN SD

Gross inflow 6.59 6.02 3.87 6.52 3.83 4.72 3.51 4.54 4.75 1.21

 

 

 

Precipitation 6.59 6.02 3.87 6.52 3.83 4.72 3.51 4.54 4.75 1.21

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 2.47 2.35 0.72 2.18 0.87 1.87 0.83 1.42 1.43 0.63

Net inflow 9.06 8.37 4.60 8.69 4.70 6.58 4.33 5.96 6.18 1.82

 

 

 

 

 

 

 

 

Landscape ET 6.13 5.63 3.73 6.08 3.69 4.47 3.41 4.32 4.51 1.07

Exploitable water 2.93 2.74 0.87 2.62 1.01 2.11 0.92 1.63 1.68 0.76

Available water 2.71 2.58 0.79 2.41 0.93 1.94 0.84 1.50 1.54 0.71

Utilized flow 2.65 2.48 0.79 2.37 0.92 1.91 0.84 1.48 1.52 0.69

Utilizable outflow 0.06 0.10 0.00 0.04 0.01 0.03 0.00 0.02 0.02 0.03

Non-utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reserved outflow 0.22 0.16 0.08 0.21 0.09 0.17 0.08 0.13 0.14 0.05

Incremental ET 0.22 0.23 0.29 0.24 0.29 0.26 0.30 0.28 0.27 0.03
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 Non-recoverable flow 2.60 2.43 0.73 2.32 0.86 1.86 0.78 1.42 1.46 0.70

Depletions           

 

 

Consumed water 8.78 8.11 4.52 8.44 4.61 6.38 4.25 5.80 6.03 1.75

Depleted water 6.18 5.68 3.79 6.13 3.75 4.53 3.47 4.38 4.56 1.07

Outflow 2.88 2.69 0.81 2.57 0.95 2.06 0.86 1.57 1.74 0.77
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I6. Dry season, 2040-2059

Description 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050

Gross inflow 1.15 1.14 0.86 0.97 0.84 0.97 0.79 0.83 0.85 0.81 1.38

 

 

 

Precipitation 1.15 1.14 0.86 0.97 0.84 0.97 0.79 0.83 0.85 0.81 1.38

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 0.58 0.58 0.57 0.60 0.79 0.41 0.36 0.82 0.49 0.38 0.68

Net inflow 1.73 1.73 1.43 1.57 1.63 1.38 1.15 1.65 1.35 1.20 2.05

 

 

 

 

 

 

 

 

Landscape ET 1.28 1.28 1.02 1.12 1.01 1.13 0.96 1.00 1.02 0.98 1.49

Exploitable water 0.45 0.45 0.41 0.45 0.62 0.25 0.18 0.65 0.33 0.22 0.57

Available water 0.42 0.41 0.37 0.41 0.56 0.23 0.17 0.59 0.30 0.20 0.52

Utilized flow 0.42 0.41 0.37 0.41 0.56 0.23 0.17 0.59 0.30 0.20 0.52

Utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Non-utilizable
outflow

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reserved outflow 0.04 0.04 0.03 0.04 0.05 0.02 0.01 0.06 0.03 0.02 0.05
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 Incremental ET 0.30 0.31 0.31 0.30 0.32 0.32 0.32 0.32 0.32 0.31 0.31

Non-recoverable
flow

0.36 0.35 0.31 0.35 0.50 0.17 0.11 0.53 0.24 0.14 0.46

Depletions            

 

 

Consumed water 1.69 1.69 1.40 1.53 1.57 1.36 1.13 1.59 1.32 1.18 2.01

Depleted water 1.34 1.34 1.08 1.18 1.07 1.19 1.02 1.06 1.08 1.04 1.55

Outflow 0.39 0.39 0.35 0.39 0.55 0.19 0.12 0.58 0.26 0.16 0.51
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Dry season, 2040-2059 continued

Description 2051 2052 2053 2054 2055 2056 2057 2058 MEAN SD

Gross inflow 0.69 0.73 0.96 0.87 1.02 1.49 0.70 0.84 0.95 0.22

 

 

 

Precipitation 0.69 0.73 0.96 0.87 1.02 1.49 0.70 0.84 0.95 0.22

Surface water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Groundwater 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Storage change 0.60 0.61 0.72 0.59 0.78 0.68 0.47 0.50 0.60 0.13

Net inflow 1.29 1.35 1.68 1.46 1.80 2.17 1.18 1.34 1.55 0.29

 

 

 

 

 

 

 

 

Landscape ET 0.88 0.92 1.12 1.03 1.16 1.58 0.89 1.01 1.11 0.19

Exploitable water 0.41 0.43 0.56 0.43 0.63 0.59 0.29 0.33 0.45 0.14

Available water 0.38 0.40 0.51 0.39 0.58 0.54 0.27 0.30 0.41 0.13

Utilized flow 0.38 0.40 0.51 0.39 0.58 0.54 0.27 0.30 0.41 0.13

Utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Non-utilizable outflow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Reserved outflow 0.03 0.04 0.05 0.04 0.06 0.05 0.02 0.03 0.04 0.01

Incremental ET 0.33 0.32 0.32 0.31 0.31 0.30 0.32 0.32 0.31 0.01
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 Non-recoverable flow 0.31 0.33 0.45 0.33 0.52 0.48 0.20 0.24 0.35 0.13

Depletions           

 

 

Consumed water 1.25 1.31 1.63 1.43 1.74 2.12 1.16 1.32 1.51 0.27

Depleted water 0.94 0.98 1.18 1.09 1.22 1.64 0.95 1.08 1.17 0.19

Outflow 0.34 0.37 0.50 0.37 0.57 0.53 0.22 0.26 0.38 0.14
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APPENDIX J. Water consumed through evapotranspiration

(2009-2018)
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APPENDIX K. Water consumed through evapotranspiration

(2020-2059)
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www.cmimarseille.org

CMI Marseille

@cmimarseille

The Center for Mediterranean Integration (CMI) is a multi partner institution where international development
agencies, national governments, local authorities, and civil society from around the Mediterranean convene to
exchange ideas, discuss public policies, and identify regional solutions to address regional challenges in the
Mediterranean.

As of July 1st, 2021, and eleven years after its creation, the CMI has officially joined the United Nations (UN), hosted
by the United Nations Office for Project Services (UNOPS).
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