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Abstract

Abstract

Policy makers adopt irrigated a griculture for food s ecurity, s ince irrigation doub les
crop production. Therefore, the development of large irrigation systems has a long history in
many places worldwide. A Ithough 1 arge-scale irri gation schemes play an important role in
improving f ood s ecurity, many s chemes, especially i n A frica, donot yield the expected
outcomes. This is related to poor water management, w hich is g enerally due toa lack of
effective evaluation and monitoring. The objective of this study, therefore, is to propose a new
methodology to assess, evaluate and monitor large-scale irrigation systems.

Information on i rrigation indicators is needed t o e nable the evaluation of irrigation
performance. The evaluation is the first and the most significant step in providing information
about how it is performing. A fter reviewing extensive literature, a list of indicators related to
the performance of irrigation, rainwater supply and productivity is suggested. The irrigation
efficiency indicators Relative Irrigation Supply (RIS) and Relative W ater Supply (RWS) are
selected. Potential rainwater supply to crops can be tested based on the Moisture Availability
Index ( MAI) and t he Ratio o f M oisture A vailability (R MA). Water pr oductivity ¢ an be
assessed by Crop Yield (Y) and Water Use Efficiency (WUE). However, the central problem
facing | arge-scale i rrigation schemesi s alwayst hel ack ofda ta, w hich calls f ort he
development of a ne w m ethod of data acquisition t hat a llows e valuation a nd monitoring.
Remote Sensing (RS) technology makes it possible to retrieve data across large areas. Two
different approaches via RS, the Normalized Difference Vegetation Index (NDVI) and Actual
Evapotranspiration ( ET,), ¢ anb ¢ utilized f or monitoring. T he w ell-known V egetation
Condition Index (VCI), derived from the NDVI, is modified (MVCI) to allow a qualitative
spatio-temporal assessment of irrigation efficiency. MVCI takes into account crop response to
water availability, while E T, indicates whether water is used as intended. F urthermore, the
assessment of the possible hydrological impact of the irrigation system should be considered
in t he e valuation and m onitoring process. T he S udanese G ezira S cheme of 8,000 s quare
kilometers in the Nile Basin, w here p erformance e valuation and monitoring are absent or
poorly conducted, is no exception. This research takes the large-scale irrigation of the Gezira
Scheme as a case study, as it is the largest scheme, not only in the Nile Basin but also in the
world, under single management.

The first lo ng-term hi storical evaluation of the s cheme is c onducted for t he period
1961-2012 rather than only on a short-time scale as is the common practice. An increase in
RIS and RWS values from 1.40 and 1.70 t o 2.23 and 2. 60, respectively, since the 1993/94
season shows de creasing irrigation e fficiency. MAI and RMA for summer crops indicate a
promising rainfall contribution to irrigation in July and August. The Gezira Scheme achieves
low yield and WUE in comparison to many irrigation schemes of the globe. Low productivity
is mainly due to poor distribution and irrigation mismanagement. This is indicated by the 15-
year MV Cl s patio-temporal analysis, w hich shows t hat the nor thern pa rt of t he s cheme
experiences characteristic drought during the summer crop season. A lthough MVCI canbe
considered a monitoring tool, the index doe s not de duct the s oil w ater c ontent, and w ater
could be wasted and available in other ways (e.g. water depressions).




Abstract

Spatio-temporal information for ET, is required to better quantify water depletion and
establish links between land use and water allocation. However, several RS models have been
developed for e stimating E T,. T hus, i mproving t he und erstanding of pe rformance of such
models in arid climates, as well as large-scale irrigation schemes, is taken into account in this
study. Four different models based on the energy balance method, the Surface Energy Balance
Algorithm for L and ( SEBAL), Mapping E vapoTranspiration a t High R esolution w ith
Internalized C alibration (METRIC™), Simplified S urface E nergy Balance (S SEB) a nd
MODIG6ET are applied in order to determine the optimal approach for obtaining ET,. Outputs
from these models are compared to actual water balance (WB) estimates during the 2004/05
season at field scale. Several statistical measures are evaluated, and a score is given for each
model in order to select the best-performing model. Based on ranking criteria, SSEB gives the
best p erformance and is seen as a sui table op erational E T, model for t he s cheme. S SEB
subsequently is applied for summer and winter crop seasons for the period 2000-2014.

Unfortunately, one of the limitations faced in the current research is the absence o f
validation data on a regional scale. Therefore, the assessment focuses on spatial distribution
and trends rather than absolute values. As with the M VCI distribution, the seasonal ET, for
the Gezira Scheme is higher in the southern and central parts than in the northern part. This
confirms the robustness of the developed MVCI. To avoid using absolute values of ET,, the
ratio of E T, from a gricultural areas (ET,y) to the total evapotranspiration ( ET) from the
scheme (ETqm) is calculated. The ET,,/ETsm ratio shows a de scending trend ov er r ecent
years, indicating that the water is available but not being utilized for agricultural production.

This study shows that SSEB is also useful for identifying the location of water losses
on a daily basis. A round 80 ¢ hannels are i dentified a s h aving | eakage problems fort he
2013/14 crop season. Such information is very useful for reducing losses at the scheme. In
addition, Rainwater Harvesting (WH) is addressed and found to be applicable as an alternative
solution for accounting for rainfall in irrigation. It is seen that these management scenarios
could save water and increase the overall efficiency of the scheme. It is possible to save 68
million cubic meters of water per year when the overall irrigation efficiency of the scheme is
improved b yonl y 1% . A 1 evel o fe fficiency of 75% 1 s pr edicted from the p roposed
management scenarios, which could save about 2.6 billion cubic meters of water per year.

In conclusion, the present study has developed an innovative method of identifying the
problems of 1arge-scale schemes as w ell as p roposing management scenarios t o enh ance
irrigation water management practice. Improved agricultural water management in terms of
crop, water and land management can increase food production, thereby alleviating poverty
and hunger in an environmentally sustainable manner.

Keywords: Irri gation p erformance; Irri gation water management; R emote s ensing;
Actual evapotranspiration (ET,); S EBAL; M ETRIC; S SEB; NDVI; VC [; M VCI; Water
harvesting; Monitoring; Implications on downstream.
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Chapter One: Introduction

CHAPTER ONE

INTRODUCTION

1.1 Water for food security

Population dynamics influence development at both country and regional levels. In the
past 50 years, the world has experienced unprecedented population growth, and the total has
now surpassed 9.1 billion. By 2050, the world’s population is projected to increase by a further
34% (Alexandridis et al., 2009). Population growth certainly increases the pressure on and
problems associated with food security (Viala, 2008; FAO, 2003; Godfray et al., 2010) as
greater food production is required to satisfy demand. Water development is critical for food
security in many regions of the world (Rosegrant et al., 2003). Erratic rainfall, especially in arid
and semi-arid zones, requires farmers to adopt irrigated agriculture to secure food production.
Also, the crop yield from irrigated agriculture is double that of rain-fed agriculture (FAO, 2002).
Thus, irrigated agriculture is the main water user in many regions of the world and consumes
around 70% of global fresh water. Future demand for the sector is projected to increase by 20%
by 2025 (Rosegrant et al., 2003); it accounts more than 40% of total global food production and
uses only about 17% of the land area (Fereres and Connor, 2004). Even non-food crops such as
cotton occupy 9% of the total global irrigated area, and their demand is expected to double by
2050 (Fraiture and Wichelns, 2010). Irrigation in developing countries is expected to increase
by an aggregated 14% by 2030 (FAO, 2003), and the rising water demand, in terms of
increasing food security and population need, puts great pressure on the limited supply.

Irrigated agriculture is an important source of food production. As a result, the
development of large irrigation systems has a long history in many places worldwide. In Asia,
the Chinese Dujiangyan irrigation system was built 2000 years ago and is still functioning with
a current irrigated area of 670,000 hectares (Chen, 2005). In Africa, the British Emperor focused
on increasing agricultural productivity a century ago. Therefore, dams and large-scale irrigation
schemes were designed and constructed in the British Empire territories (i.e. the Nile Delta in
Egypt and the Gezira Scheme in Sudan) at the end of the nineteenth century (Bastiaanssen and
Perry, 2009). Although large-scale irrigation schemes play an important role in improving food
security at both national and global levels (Alexandridis et al., 2009), many of these schemes,
especially in Africa, do not yield the expected outcomes (Borgia et al., 2012). The poor
performance of large-scale irrigation systems is generally related to poor water management

(FAO, 2011), which has adversely affected productivity and hence reduced actual benefits

1



Chapter One: Introduction

(Hamid et al., 2011). Irrigation water is lost and never fully utilized to produce food (Gleick,
2000). As a result, large irrigation systems have been seen by development institutions as
financially and economically unattractive, not only for rehabilitation and maintenance, but also
for future new developments (Hamid et al., 2011). In the future, water withdrawals for irrigation
will increase by almost 11% by 2050 (Alexandridis et al., 2009). Furthermore, Gleick (2000)
stresses the importance of higher water productivity in irrigated systems in order to meet the
food demands of this century. Therefore, the irrigation sector should be managed to utilize water

resources more efficiently and productively (Van Dam and Malik, 2003).

1.2 Irrigation water management

1.2.1 Overview

Management of irrigation water is the process of determining and controlling the
volume, frequency and application rate of irrigation water in an efficient manner. The goal of
such management is to obtain maximum sustainable production levels from the available
resources (Alexandridis et al., 2009). However, better irrigation management is required to
achieve greater efficiency in the use of water (Bastiaanssen et al., 1998b). As mentioned earlier,
large-scale irrigation schemes are very important to national food security and agricultural
growth if they are well managed (FAO, 2011).

The planning and management of water resources have become very important issues
worldwide. Information on agricultural water supply and usage can thus support operational
decisions. A major reason for the inefficiency of irrigation projects is a lack of effective
monitoring and evaluation of these irrigation projects (Biswas, 1984; Leenhardt et al., 2004).
Knowledge of the performance indicators within and among irrigation schemes can help policy
makers and managers wisely allocate funds for intervention and rehabilitation (Bastiaanssen et
al., 1998b). The problem of data acquisition for a large area is always difficult (Leenhardt et al.,
2004), but Remote Sensing (RS) technology makes it possible for the retrieval of data across
large areas (Wu et al., 2013).

Despite the fact that irrigated agriculture is important to food production, it has
extremely negative environmental effects (FAO, 1997). In particular, diversion of water
through large-scale irrigation projects from rivers has the potential to change the hydrology of
river basins (Rosenberg et al., 2000) and reduce the quantity and quality of the water supply for
downstream users (FAO, 1997). Therefore, it is essential that irrigation projects be planned and
assessed in the context of the river basin as a whole. The following section will describe briefly

the major actions of managing a large-scale irrigation scheme.
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1.2.2 Irrigation performance assessment

Increasing food production with limited water resources is a challenge to the irrigated
agricultural sector. Consequently, improvement of irrigation efficiency is meaningful.
Monitoring and evaluation of an irrigation scheme is the first and the most significant step in
providing information about how it is performing (Savva and Frenken, 2002). Monitoring
achieves efficient and effective project performance (Biswas, 1984). Information on irrigation
indicators is thus needed to enable the evaluation of irrigation performance and improve
irrigation water management (Kloezen and Garcés, 1998). The assessment of current
performance will identify efficiency shortfalls and enable them to be corrected. This will also
help to improve irrigation system performance, which leads to enhanced food productivity and
greater water availability (Bos and Clemmens, 1990). Irrigation performance is characterized
by the system’s ability to deliver sufficient water to satisfy crop demand (Clemmens and Bos,
1990) and the outcome in terms of crop productivity (Bandara, 2003). Since the 1970s, scholars
have developed several indicators to measure irrigation performance, such as efficiency of
conveyance, distribution, the fields and the system (Bos and Nugteren, 1990; Clemmens and
Bos, 1990; Molden and Gates, 1990). Kloezen and Garcés (1998) suggested a list of indicators
related to the performance of the hydrological, agronomic, economic, financial and
environmental performance of irrigation systems. These indicators are used to describe
hydrological behavior in complex irrigation schemes through few and understandable numbers
(Bastiaanssen et al., 2001). Adequate monitoring and evaluation of performance of the irrigation
scheme are needed to improve water management practices in order to achieve high

performance.

1.2.3 The Remote Sensing (RS) approach to agricultural water management
Agricultural water management is meaningful to the efficient use of water resources.
Monitoring and quantifying consumption over irrigated agricultural areas, rather than
quantifying the delivered irrigation water (Folhes et al., 2009), can help to conserve water by
improving efficiency and water productivity (Allen et al., 2011; Martin et al., 2013). Accurate
estimation of agricultural water demand is a key need for water management (Leenhardt et al.,
2004). Generally, the actual evapotranspiration (ETa.) of a crop represents the actual water
consumption (Allen et al., 1998). ET, is important to evaluating irrigation water management
practices (Fereres and Soriano, 2007), as well as improving crop productivity through
enhancing soil moisture management (Fraiture and Wichelns, 2010). Scholars have developed
many methods to estimate ET,, such as the pan evaporation method, lysimeters, flux profile

measurements, the Food and Agricultural Organization (FAO) Penman—Monteith method, the
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Bowen ratio, and eddy-correlation measurements (Prueger et al., 1997; Allen et al., 1998;
Immerzeel et al., 2006). These methods are point methods based on meteorological information
for a specific station and do not provide spatial patterns of ET. (Immerzeel et al., 2006; Folhes
et al., 2009). Particularly, agricultural water use is difficult to estimate in large irrigation
systems, due to the absence of water meters (Alexandridis et al., 2009). In addition, the classical
approaches to estimating water consumption are not sufficient, as the field data can become
outdated (Bastiaanssen et al., 1998a). Spatio-temporal information on ET,, specifically for
large-scale irrigation schemes, assists decision-makers to better quantify water depletion and
establishes links between land use and water allocation (Bastiaanssen et al., 2005). RS is an
efficient way of gathering large amounts of information from vast areas without the need to be
physically present at the observed surface. The potential of RS techniques in ET, estimation has
been widely acknowledged for enhancing the management of irrigation systems (Bastiaanssen
et al., 1998b). There are several different models of ET, based on RS data: the Surface Energy
Balance Algorithm for Land (SEBAL) (Bastiaanssen et al., 1998a, 1998b), the Simplified
Surface Energy Balance Index (S-SEBI) (Roerink et al., 2000), Mapping EvapoTranspiration
at High Resolution with Internalized Calibration (METRIC™) (Allen et al., 2007a), ETLook
(Pelgrum et al., 2010) and the Operational Simplified Surface Energy Balance Model (SSEByp)
(Senay et al., 2013). Biswas (1984) reported that the monitoring tool should be cost-effective,
have maximum coverage (especially for large-scale irrigated projects) and obtain accurate real-
time information. However, selecting the most appropriate model as a monitoring tool is still a

challenge, as many requirements should be considered.

1.2.4 The impact of irrigated agriculture on basin hydrology

Irrigated agriculture plays a vital role in increasing food productivity, which has led to
it becoming a major consumer of water. Large-scale irrigation projects are, then, implemented
in many regions all over the world because of their paramount importance. These projects are
normally located at the upstream end of river basins, and have proliferated in semi-arid regions
(Chen, 2005). Many researchers (e.g. Stanzel et al., 2002; Van Oel et al., 2008; Petes et al.,
2012) have highlighted the impact of irrigation systems on water availability (quantity and
quality) in the downstream areas of river basins. Upstream water abstraction has a decreasing
effect on the inflow volume downstream (Van Oel et al., 2008). In terms of water quality, water
withdrawals from the upstream watershed lead to decreased freshwater input, which poses
threats to downstream ecosystems (Petes et al., 2012). Also, the quality of water is affected by
the return flow from irrigation schemes, due to higher concentrations of fertilizer and pesticides

(Stanzel et al., 2002). The implications of large-scale irrigation schemes, especially in Africa,
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have had inadequate attention (FAO, 1997). Water shortages and low quality often lead to
conflicts between upstream and downstream users (Petes et al., 2012); therefore, the assessment

of possible impacts caused by irrigation systems is a relevant subject.

1.3 Large-scaleirrigation schemesin the Nile Basin

In the Nile Basin, agriculture is a major livelihood strategy, sustaining tens of millions
of people. Agricultural workers account for greater than 75% of the basin’s labor force, and the
agricultural sector contributes one-third of the Gross Domestic Product (GDP) (Karimi et al.,
2013). The total irrigated area in the Nile Basin, including large- and small-scale traditional
types, is about 7.5 million hectares (FAO, 2011). Despite the basin’s abundant natural resources,
its people face environmental degradation, food insecurity and poverty, which is probably
linked to poor water resources management (FAO, 2011). While irrigation can enhance food
production through higher yield, the yield of the main crops in most of the Nile Basin’s irrigated
farming systems, except the Egyptian Nile Delta, are still very low (Karimi et al., 2013).

Sudan is a part of the basin whose economy relies on agriculture (Abdelhadi et al.,
2000). The country is facing a situation of fast-growing demand versus limited water resources,
just as the other Nile Basin countries are. Therefore, Sudan must produce more, using less water.
Although the country has around 80 million hectares of arable land, the current cropped area
does not exceed 17 million hectares, and only 2 million hectares are served by irrigation
networks (Ian, 2012). Sudan hosts the second-largest area of national irrigated land in the Nile
Basin countries (Bastiaanssen and Perry, 2009), as shown in Figure 1-1. The Sudanese large-
scale irrigation systems (Gezira at 900,000 ha, New Halfa at 190,000 ha, Rahad at 126,000 ha
and El Suki at 38,000 ha) show poor performance resulting from a lack of performance
evaluation and monitoring (Hamid et al., 2011). Improved agricultural water management in
terms of crop, water and land management can increase food production, thereby alleviating
poverty and hunger in an environmentally sustainable manner (Karimi et al., 2013). However,
increasing food production with limited water resources is still a challenge to the irrigated-

agriculture sector.
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Figure 1-1. Location of the large-scale irrigated schemes in Sudan
Source: UNEP (2007)

As mentioned earlier, the absence of a physical assessment of an irrigation system leads
to poor management and operation of that irrigation system, and the Sudanese Gezira Scheme,
where performance evaluation and monitoring are absent, is no exception. This research focuses
on the Gezira Scheme as a case study, as it is the largest scheme, not only in the Nile Basin but
also in the world, under one management. The primary water source for the scheme, as for all
large schemes in Nile countries, is surface water. The scheme withdraws between 6 and 7 billion
cubic meters (BCM) annually, which is equivalent to one-third of Sudan’s share of the Nile
waters, as determined under the Nile Waters Agreement with Egypt in 1959 (Ibrahim et al.,
2002). The Gezira Scheme has experienced severe irrigation water wastage problems in the last

two decades, and inefficient productivity (Ibrahim et al., 2002; Adeeb, 2006).
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Developing suitable tools and a strategy for identifying the reasons and managing the
agriculture water use at the scheme could save water and increase water productivity. The
Gezira case study may serve as a model to evaluate other large agricultural projects, especially
in Sudan, with similar criteria. Thus, it may lead to an increase in overall irrigation and

productivity efficiency, and is highly relevant to overall basin planning.

1.4 Problem definition

Despite the large annual volume of irrigation water released to the scheme, Ahmed
(2009) points out that crop water demand is not met. Accurate information is lacking, and the
reasons for and locations of the water shortages in the area, unclear (Woldegebriel, 2011). Poor
distribution and management of irrigation water are major factors contributing to this situation
and create conflict between upstream and downstream farmers (World Bank, 2000;
Woldegebriel, 2011; Karimi et al., 2013). As a result, reduced and untimely irrigation, and
volume of water per crop became the practice, which led to declining crop yields and declining
tenant and scheme income (Eldaw, 2004). The poor water distribution is caused by the huge
amounts of sediment entering the scheme (Ibrahim et al., 2002; Ahmed, 2009). In addition, the
drainage network does not work properly, as it is limited to major and collector drains with an
absence of field drains (Plusquellec, 1990). The drained water is ponded in large local
depressions unsuitable for agriculture, and lost to evaporation (Ahmed, 2009). Hence, no return
flow from the excess irrigation water is reused. These factors led to low water productivity and
wastage (FAQO, 2011). Despite the frustrating problems facing the Gezira Irrigation Scheme, the
causes and consequences of the problems are not yet known precisely. In particular, it is not
clear how sediment concentration has affected the water distribution pattern in the Gezira
Scheme. This calls for a spatio-temporal distribution investigation utilizing RS and Geographic
Information System (GIS) techniques.

The Sudanese government has conducted several reforms and actions in the scheme,
changing the agricultural crops and increasing water diversion from the Blue Nile. No long-
term quantitative assessment of the irrigation performance of the Gezira Scheme has been
carried out. Most previous studies have evaluated the performance of the scheme for a specific
year (e.g. Thiruvarudchelvan (2010), Mohamed et al., (2011)). Other research has focused on
crop productivity and crop yield for evaluating the conducted water policies (e.g. Guvele
(2001), Adeeb (2006), and Elamin et al., (2011). However, the irrigation efficiency and

rainwater supply have not yet been assessed.
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There are several challenges related to irrigation water management in the Nile Basin,
and one of the main ones is weak water monitoring (NBI, 2012). Evaluating the performance
of the Gezira Scheme based on point (one value) measurement is not an accurate assessment,
especially as it covers thousands of square kilometers. This vast area limits large-scale data
collection for the scheme. Therefore, RS techniques are useful for monitoring water
consumption (ET,). Yet estimating ET. using such methods has been carried out to determine
crop coefficients for specific farms and years (Ahmed et al., 2010; Bashir et al., 2007, 2008). It
is still a challenge to obtain accurate and up-to-date information on the spatial and temporal
distribution of crop water requirement (CWR). As the Gezira Scheme covers a vast area, even
utilizing a remotely sensed water consumption monitoring system still demands real-time and
historical analysis.

The volume of water available to Sudan is about 37 BCM per year, of which 90% is
consumed by the agricultural sector (Ahmed et al., 2007). Any further expansion in agricultural
activity will result in more demand for irrigation water. Sudan has plans to unilaterally develop
the water resources of the Blue Nile for irrigation, which will increase large-scale irrigation
scheme withdrawals from 8.5 to 13.8 BCM (McCartney et al., 2012). According to the Sudanese
2025 water strategy, the currently available water resources are far below the projected demand.
Increasing large-scale irrigation efficiency is seen as a water conservation measure, and

management need to face the increasing future water demand (Bastiaanssen and Perry, 2009).

1.5 Research questions

e Can irrigation, rainfall and productivity give a clear indication of opportunities to
improve the efficiency and productivity situation?

e C(Can satellite data and its acquisition help to provide reasonable estimates of water
abstraction values on a regional scale?

e What is the accuracy of using satellite images combined with meteorological data to
determine the large-scale distribution of evapotranspiration?

e What s a suitable algorithm for calculating remotely sensed ET., for the Gezira Scheme?

e Can satellite images be used to identify water surplus and deficit areas?

e What are the possible water management scenarios for the scheme?

e How much water can be saved when increasing irrigation efficiency?
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1.6 Research objectives

Given the above stated problem, the following research objectives have been
formulated:
General objective:

The aim of this research is to use remotely sensed techniques complemented by actual
measurements to improve the management decisions of large-scale irrigation systems through
feedback information made available by a performance evaluation process.

Specific objectives:

e Evaluate the irrigation performance of the large-scale irrigation schemes in terms of
irrigation water supply, rainwater supply and crop productivity.

e Assess the optimal approach of obtaining ET, for large-scale irrigation schemes, using
different RS-based techniques.

e Develop an RS monitoring tool to determine water abstraction from large irrigated
schemes.

e Investigate possible irrigation management scenarios and their implications for the

downstream river flow.

1.7 Structure of the thesis

Evaluation of the irrigation performance of the Gezira Scheme and the study of its
implications for the downstream Nile flow requires a combination of hydrological, geographical
and climatic sciences methods. This involves a strong focus on remotely sensed satellite image
analysis. The overall methodology chart is shown in Figure 1-2.

The thesis is designed to have four chapters (Chapters Three, Four, Five and Six) to
achieve the stated objectives. The literature review of the selected methodologies (irrigation
performance indicators and RS monitoring of water consumption) and the results will be
discussed in detail in those chapters. Understanding the characteristics of the study area is
meaningful; therefore, the research area is illustrated in Chapter Two in terms of geographical
location, climate, availability of water supply and demand.

As the historical monitoring and evaluation of irrigation schemes is considered the first
and most important step, Chapter Three describes the methods and the obtained results for the
spatio-temporal performance of the large-scale Gezira Irrigation Scheme.

Chapter Four shows the comparison of four different remote-sensing-based ET models

applied at the Gezira Scheme.
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The lack of an actual monitoring system of water consumption for the Gezira Scheme

presents an opportunity to develop a tool to monitor agricultural water use, and its application

is illustrated in Chapter Five. The chapter further discusses the monitoring of water abstraction

by utilizing two different sources of satellite images for the last 14 years. Both summer and

winter crop seasons have been investigated. In addition, the total water volume diverted from

the river to the Scheme can be obtained from the remotely sensed data.

Chapter Six investigates possible management scenarios to save water, and the expected

volume of saved water is quantified.

Finally, Chapter Seven presents the conclusions and recommendations of the current

research, and possible paths toward enhancing the achieved results.
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Figure 1-2. Methodological outline of the research
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CHAPTER TWO

DESCRIPTION OF THE GEZIRA IRRIGATION SCHEME

2.1 Geographical description

The Gezira Scheme is located in the heart of Sudan, which has a long irrigation history.
The scheme started in 1911, in the early years of Anglo-Egyptian rule of the Sudan, as a pilot
project for growing cotton as a cash crop and was officially inaugurated in 1925 (Worldbank,
2010). The irrigated area lies in the flat, central plains between the Blue and White Nile rivers
south of Khartoum, as shown in Figure 2-1, and covers an area of about 1 million hectares
(FAO, 2011). The scheme is split into two main areas, Gezira (0.5 million ha) and Managel (0.4
million ha). It lies between latitudes 13°30' N and 15°30' N, and longitudes 32°15' E and 33°45'
E. Elevations vary between 385 m and 415 m above mean sea level (AMSL), with an average
clevation of 405 m. The width of the scheme from east to west is about 75 km, and its maximum
length from north to south is approximately 245 km. The whole area is flat with a very gentle
slope of 15 cm/km from south to north and east to west, thus providing an ideal situation for
gravity flow (Plusquellec, 1990). The soil is also uniform and characterized as high clay content
(50%—-60%)), vertisols soil.

Despite the Gezira Scheme being part of the White Nile Basin from a hydrological point
of view, the irrigation water is diverted from the Blue Nile. The Blue Nile has an average annual
flow of 50 BCM and contributes about 70% of the yield of the Nile (NBI, 2012). The seasonal
variation of its discharge ranges from over 10,000 m?/s at the peak of a high flood, to 60 m*/s
in a very low year. The flow of the Blue Nile is regulated by the Sennar Dam, built in 1925, and
the Roseires dam, completed in 1966. The total live storage capacity of the two reservoirs

represents only 5% of the average annual flow of the river.
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Figure 2-1. Location of Gezira Irrigation Scheme in Sudan

2.2 Climate conditions

The Gezira Scheme is located in an arid, hot climate (Elagib and Mansell, 2000; Elagib,
2010). There are three distinct seasons: autumn (June—September), winter (November—
February) and summer (April and May) (Ahmed et al., 2007; Bashier et al., 2008; FAO, 2011).
The area experiences low annual rainfall of 350 mm in the southern part close to Sennar, and
150 mm in the northern part near Khartoum, as shown in Figure 2-2. The rainfall records in
Figure 2-3 show that peak rainfall is in July and August. The climatic data of the Wad Medani
station (14°24'0.00"N, 33°28'48.00"E), shown in Figure 2-1, represents the climate of the
scheme quite well. Many researchers (e.g. Adeeb, 2006; Ahmed et al., 2007; Bashir et al., 2007,
2008) have utilized the climatic data from this station to calculate grass reference
evapotranspiration (ET,) using the FAO Penman—Monteith ET, equation (Allen et al., 1998),

and the measured rainfall at the scheme.

12



Chapter Two: Description of the study area

Figure 2-2. Isohyetal rainfall map (1971-2000) and Gezira groups. (The group name is
defined in Table 2-1 by the ID number)

Source: Adam et al. (2002)
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Figure 2-3. Average monthly rainfall for the Wad Medani station (1961-2012)
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The mean daily temperatures at the Wad Medani meteorological station are 31°C in
summer, 29°C in autumn and 25°C in winter. Figure 2-4 shows the mean monthly maximum
and minimum temperatures for the scheme. Both parameters have their minimum values during
the period November—January (winter season). The highest values were recorded during April
and June, then a drop in temperature occurs during the autumn due to the rainy season. The
mean daily relative humidity (Figure 2-5) is relatively low (18%) in summer, high (55%) in
autumn, and moderate (28%) in winter. The variation of the annual ET, and Rainfall is
presented in Figure 2-6.

45

40
35
30
25
20
15

Temperature (°C)

10
5

-»-Mean Max -=Mean Min

0

Jan Feb Mar Apr May Jun Jul Aug Sep ©Oct Nov Dec

Figure 2-4. Monthly average maximum and minimum temperatures for the Gezira Scheme
(1961-2012)
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Figure 2-6. Annual variation of reference evapotranspiration (ET,) in comparison with rainfall
in the Gezira Scheme

This climate allows the Gezira Scheme to have two farming seasons: a summer crop
season (the wet season, June—November) when the monsoon brings average rains of 300 mm
per year to the area, and a winter crop season (the dry season, November—March). This makes
the irrigation crop season June—March. Normally, the remaining months (April and May) are

allocated for irrigation network maintenance (Adeeb, 2006).

2.3 Management authority

2.3.1 Administrative structure

The scheme is divided into 18 administrative groups, as listed in Table 2-1, each of
which is divided into 4-8 blocks, making a total of 113 blocks, as shown in Figure 2-2. The
Gezira area has around 120,000 farmers (FAO, 2011), each of whom is assigned an area of 6—
8 hectares (Adam et al., 2002). The whole scheme is under the management of the Sudan Gezira
Board (SGB), as shown in Figure 2-7, which has assistants in the Head Quarters (HQ) and is
helped by 18 Group Managers and 113 Block Inspectors (BI) in the field (Plusquellec, 1990).
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Source: Woldegebriel (2011)

Table 2-1. Group names and areas of Gezira Scheme; after Adam et al. (2002)

ID Block Area (km?) ID Block Area (km?)
1 South 698.2 10  Eastern’ —

2 Hosh 449.6 11 Mikashfi 811.6

3 Center 712.6 12 Shawal 345.9

4 Massallamia 758.7 13 Gamusi 409.7

5  Wadi Sha’eer 877.2 14 Matori 809.0

6  Wad Habouba 315.2 15 Ma’toug 750.3

7  North 1011.7 16  Mansi 571.4

8  North West 683.7 17  Shawal 345.9

9  Abu Gouta 412.8 18 Huda 812.3

*The block is not irrigated from the irrigation network; thus it is ignored in this study.

2.3.2 Institutional management
The operation of the scheme is centrally controlled. Management is distributed between
the Ministry of Irrigation and Water Resources (MOIWR), which is responsible for the

irrigation network, and the Sudan Gezira Board (SGB), whose role is agricultural operation
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(Plusquellec, 1990). However, many water policies have been changed, which will be discussed
in Chapter Five. Previously, the orders of agricultural water demand used to pass on to the
MOIWR engineers and were then summed up throughout the system to the head works at the
Sennar Dam. Then, the MOIWR used to deliver the required discharge at the head of the main
channels, while SGB used to be responsible for the operation of the minor channels and, finally,
the delivery of water to the farmers. This created conflict between the SGB and the MOIWR
over management methods (Adam et al., 2002).

In 1999, responsibility for the minor channels (maintenance and distribution of
irrigation water) was transferred to the SGB, leaving the main and major channels to the
MOIWR. Since that time, the system has experienced serious deterioration by mismanagement
of maintenance of the irrigation channels (Ahmed, 2009). Therefore, irrigation management
was handed over again to the MOIWR in 2006 by the new Gezira Law. The law created Water
User Associations (WUASs) for better distribution management. Ahmed (2009) did not expect
the new law to be successful for managing the scheme, which underwent a complete change in
management in 2009/10 through the implementation of the 2005 Gezira Act. This effectively
privatized the scheme and transferred responsibility for irrigation to landowners, WUAs
devolving control and, by association, planting decision-making to the farmers, thereby
allowing planting flexibility within the water delivery regimes (Ian, 2012).

Since 2011, the MOIWR and the Ministry of Water Resources and Electricity (MWRE)
have merged, and irrigation handed over to the Ministry of Agriculture, Livestock and Irrigation

(formerly the Ministry of Agriculture) (MWRE, 2014; KRT, 2014).

2.4 \Water resources

2.4.1 Irrigation water system

Water storage. The Blue Nile supplies the water for the Gezira Scheme. Irrigation water
is supplied from two reservoirs, at Roseires and Sennar. The Blue Nile has an average annual
flow of 50 BCM at Roseires, with large seasonal and annual variations. The flow of the Blue
Nile rises steeply between the end of June and the end of August, and carries large quantities of
sediment as a result of land degradation caused by the heavy seasonal rainfall on the Ethiopian
Plateau.

Conveyance and water distribution system. The Gezira is the only gravity-fed large
irrigation scheme in Sudan. Only about 70,000 feddans of the total command area of 2.1 million
feddans (3.3%) are not under gravity irrigation (World Bank, 2000). Most of the non-gravity-

fed areas lie on the eastern bank of the Blue Nile (Eastern Blocks), in addition to a small area
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in Hag Abdallah Block (Southern Gezira), which, for topographical reasons, is irrigated by
pumps (Eldaw, 2004). Irrigation water is supplied through an extensive system of low-
percolation, unlined earth channels consisting of two main channels, the Gezira (14.5 million
m?/day) and the Managel (16.0 million m*/day). The discharge of these channels is calculated
through an updated equation using the measured water level as a function. The water level is
measured three times per day by MOIWR engineers, as shown in Figure 2-8.

The scheme has unlined channels because of the physical properties of the impermeable
clay soils of the area, and the conveyance and distribution efficiency of the network of unlined

channels in the scheme was estimated by Plusquellec (1990) to be 93%.

Figure 2-8. Measuring the water level to estimate the daily discharge of the Gezira channel
during the field visit (26/12/2011)

A schematic map of the twin channels is presented in Figure 2-9. They run north to the
first group of channel regulators, 57 km from the dam. From there, four branch channels convey
water to the Managel extension, while the main Gezira channel runs north for another 137 km.
Major channels take water from the main and branch channels, supplying water to minor
channels. These channels flow continuously throughout the growing season. The network
consists of 2,300 km of branch and major channels, and over 8,000 km of minor channels. The
latter supply water via gated outlet pipes to field channels (Abu XX), which irrigate 38 hectares.
Each is divided into 18 fields of five feddans (called hawasha). However, the irrigation
infrastructure is in serious disrepair, and the distribution of water is inefficient and wasteful,

with low cost recovery (World Bank, 2000).
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A group of regulators and hydraulic structures was built to convey irrigation water.
However, due to a lack of maintenance and management, the efficiency of these regulators and
structures has widely deteriorated. As a result, water delivery became difficult at various times

and in certain regions within the irrigated area (Eldaw, 2004).

Figure 2-11. The Basatna regulator hydraulic structure 99 km from the Sennar Dam

All channels in the system are infested with two main problems: siltation and weeds
(Plusquellec, 1990; Ahmed and Ismail, 2008). The siltation problem caused a reduction of the
Sennar Dam storage capacity, which negatively impacted the regulations governing the release
of water (Eldaw, 2004). In addition, more silt is carried into the system, causing increasing silt
deposits in the irrigation channels. Ahmed (2009) mentioned that the huge amounts of sediment
entering the scheme and the mismanagement of the irrigation system caused inequity in water
distribution and, as a result, a reduction in crop production. The accumulation of silt over the
years has also created conducive conditions for channel infestation by abundant weed growth
(Eldaw, 2004). The weeds (defined as a plant that is not desired at its place of occurrence) are
classified in the Gezira Scheme into three categories: floating, submerged and emerged (Ahmed
et al., 1989 as cited in World Bank, 2000). The weed phenomenon is considered a vital problem
for the minor channels (Ahmed, 2009). It limits water flow to the extent that water cannot reach
the end of minor channels (World Bank, 2000). During the field visit, it was noted that one of
the reasons proffered by farmers for water shortage at the tail end of the system was the
prevalence of these weeds. Therefore, some farmers were using pumps to abstract water from

the channels into their fields, as shown in Figure 2-12.
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Figure 2-12. Farmers’ water pumps are used to convey water to their fields (a) and weeds in a
minor channel (b); Center block, 20/12/2011.

Siltation and weed infestation have become serious problems in the Gezira Scheme.
Both reduce the transit capacity of channels, which, in turn, decreases the discharge (World
Bank, 2000) as a result of the failure to provide adequate funds for operation and maintenance
(World Bank, 2010).

Drainage system. The soil of the Gezira Scheme is characterized by high clay content
(50%—-60%) (Bashir et al., 2008). Therefore, the original design of the drainage network is
limited to major and collector drains without field drainage (Plusquellec, 1990). The main
purpose of the drainage network is to remove surface runoff due to rain or excess irrigation, not
drained water from the farm, because of the nature of the soil and absence of a high groundwater
table (World Bank, 2000). Plusquellec (1990) mentioned that the existing minor drains are
completely silted up. The drained water is ponded in large local depressions unsuitable for
agriculture, and thus lost to evaporation (Plusquellec, 1990; Ahmed, 2009). As part of the
present study, several field visits were conducted during 2011-13, including interviews with
irrigation engineers, which confirmed that the situation still exists. Generally, there is no reuse
of drainage water in the Sudanese irrigation system (Achamyeleh, 1993). The scheme faces a
lack of appropriate operation and maintenance of the irrigation and drainage network (FAO,

2011). Hence, no return flow from the excess irrigation water is reused.

2.4.2 Groundwater

The Gezira area has a groundwater aquifer whose storage capacity is estimated at
60 BCM, with an annual recharge of 0.6 BCM and annual abstraction of 0.15 BCM (Abdo and
Salih, 2012). Groundwater abstraction for irrigation purposes is estimated to be 1.4 BCM, which
represents 87% of the total annual groundwater abstraction, and takes place mainly in the
Northern River Nile, Khartoum, Gezira, Sennar and Kassala states, and also some wadis in the

western states (Mukhtar, 1997).
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2.5 Crops and water demand

2.5.1 Cropping pattern and yields

Typically, there is a two-season cropping pattern in the Gezira Scheme. Summer crops
include cotton, groundnut and sorghum, while winter crops are dominated by wheat. The
summer crops are normally planted between the start of June and mid-July, depending on the
crop type. The planting date of sorghum, for example, varies between the end of June and the
beginning of July (Farbrother, 1996; Ahmed et al., 2007). The present cropping pattern is the
result of a rigidly set, five-year crop rotation sequence. The scheme was designed with the main
objective of producing cotton. After adoption of the liberalization policy in 1981, farmers
started to grow other crops such as sorghum, wheat and groundnut (Karimi et al., 2013). The
current crop rotation sequence in the Gezira has been used since the 1991/92 crop year and is
as follows: cotton—wheat—sorghum—groundnut—vegetable/fallow (World Bank, 2000).
Recently, sorghum, as an important staple food in Sudan, has become the main crop in terms of
cropped area in the Gezira Scheme, covering an average of 35% of the total planted area,
followed by wheat (25%—-30%), then cotton (less than 24%) and groundnut (about 20%). Wheat
is not a traditional crop in the Gezira, but the recent rapid rise in demand has led to an expansion
of production promoted by the government in the mid-1980s. In the early 1990s, wheat became
a mandatory part of the four-crop, one-fallow rotation.

In general and based on field trials, the crop yields in the Gezira Scheme are below
potential yield (World Bank, 2000). The yields for sorghum and groundnut have been low (half
of the potential yield) principally due to a termite problem (World Bank, 2000; FAO,
2011).Table 2-2 demonstrates that yearly yields vary. Factors held to be responsible include
water shortages, inadequate application of fertilizers, and lack of information and technical
guidance for farmers (FAO, 2011). Additionally, Plusquellec (1990) mentioned that
waterlogging due to impermeable clay soils badly depresses yields. The cropping pattern and

their average yields for the main crops (1990-2007) are shown in Figure 2-13.

Table 2-2. Actual crop yields (1997-2007) in the Gezira Scheme

Crop Unit  1997/98 1998/99 1999/00 2000/01 2001/02 2002/03 2003/04 2004/05 2005/06 2006/07 Average
Groundnut t/fed 1.04 050 0.65 0.66 073 080 081 092 0.82 090 0.78
Cotton kifed 448 442 257 447 525 505 351 430 4.09 320 4.13
Sorghum t/fed 1.04 0.79 0.67 095 098 098 083 1.06 090 1.02 0092
Wheat tfed 0.70 0.31 050 080 0.80 085 083 0.73 0.65 099 0.72
Source: FAO (2011)
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Figure 2-13. Average cropping pattern areas and yield for the main crops in the Gezira
Scheme (1990-2006)

2.5.2 Crop water requirements (CWR)

CWR depends on climatic and crop factors. In the Gezira Scheme, the crops are grown
on flat clay soil, so the deep percolation and runoff losses are negligible (Farbrother, 1996;
Ahmed et al., 2007; Adam, 2008). Therefore, CWR in the Gezira Scheme is just the water
needed to cover water losses through crop evapotranspiration (ET¢).

Farbrother (1996) conducted a series of experiments under Gezira research farm
conditions to estimate the crop factors, which are still in use for the scheme (Abdelhadi et al.,
2000). Farbrother used the Penman (1948) formula to estimate ET, and developed kc values.
However, the FAO Penman—Monteith (Allen et al., 1998) equation is globally recommended
for CWR. Later, Ahmed et al. (2007) and Adam (2008) reported updated kc values from
Farbrother (1996) for irrigated crops in the Gezira Scheme to be compatible with the FAO
Penman—Monteith formula. Ahmed et al. (2007) found that the highest summer seasonal
volume required was by cotton (1268 mm), followed by groundnut (815 mm). Of the winter
crops, wheat requires (657 mm). For sorghum, the seasonal ET. takes a range of 642—704 mm
(Bashir et al., 2007a, 2007b, 2008). Figure 2-14 shows the 10-day CWR average for groundnut,
sorghum and cotton for the Gezira Scheme. As shown, the contribution of rainfall cannot be
neglected, especially for groundnut and sorghum (Ahmed and Ribbe, 2011). However, farmers
are often required to take water into their fields, even when the fields are already flooded by
heavy rain (Plusquellec, 1990). The author attributed this need to the limited capacity for the
escape of surplus water of the scheme, which is designed to allow spillage resulting from the

sudden decrease in irrigation demand following rain.
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CHAPTER THREE

ASSESSING THE IRRIGATION PERFORMANCE OF
GEZIRA SCHEME®

3.1 Introduction

Information on irrigation indicators is needed to enable the evaluation of irrigation
performance and to improve irrigation water management (Kloezen and Garcés-Restrepo,
1998). Irrigation performance is characterized by the system’s ability to deliver a water supply
which satisfies that demanded by crops (Clemmens and Bos, 1990), and the outcome in terms
of crop productivity (Bandara, 2003). Evaluation of irrigated-agriculture performance has two
major components: on-farm and off-farm systems. The on-farm system, as operated by farmers,
is based on the management skills of farmers, the irrigation technique and the system design
(FAO, 1996). On the other hand, the off-farm system includes supply and distribution to test
the system’s capability to deliver water to farms with adequacy, efficiency, dependability and
equity (Molden and Gates, 1990). Since the 1970s, scholars have developed several indicators
to measure performance, such as efficiencies for conveyance, distribution, fields and systems
(Bos and Nugteren, 1990; Clemmens and Bos, 1990; Molden and Gates, 1990). After reviewing
extensive literature, Kloezen and Garcés-Restrepo (1998) suggested a list of indicators related
to the performance of hydrological, agronomic, economic, financial, and environmental
performance of irrigation systems. These indicators are used to describe hydrological behavior
in complex irrigation schemes through few and understandable numbers (Bastiaanssen et al.,
2001).

The Gezira Scheme has experienced severe problems related to irrigation water wastage
in the last two decades (Ibrahim et al., 2002; Adeeb, 2006). Poor distribution and management
of irrigation water are major factors contributing to this situation (Karimi et al., 2013). Adequate
monitoring and evaluation of performance are needed to improve water management practices
in order to achieve high overall irrigation efficiency. Therefore, the overall objective of this

chapter is to assess the irrigation performance of the off-farm Gezira Scheme of Sudan.

* Part of this chapter is published in Agricultural System journal: Al Zayed, 1.S., Elagib, N.A., Ribbe, L., Heinrich, J. (2015).
Spatio-temporal performance of large-scale Gezira Irrigation Scheme, Sudan. Agricultural Systems 133, 131-142.
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3.2 Material and methods

3.2.1 Source of data

Historical mean monthly climatic elements (maximum and minimum temperatures,
wind speed, sunshine hours and rainfall) for 1961-2010 are available for the Wad Medani
meteorological station (Latitude: 14°24'0"N, Longitude: 33°28'48"E) from the Sudan
Meteorological Authority in Khartoum. Actual water supply data are obtained as irrigation
discharge for the main channels (Gezira and Managel) from the former MOIWR office in Wad
Medani. In addition, crop yield data for cultivated areas with crop calendars for cotton,
groundnut, wheat, sorghum and vegetables for 1970-2010 are acquired from the former
Ministry of Agriculture in Khartoum. All the data were acquired from official sources in Sudan
during the field visits in 2011 and 2012 (Appendix One). The same data were checked for
quality, and have been used and published previously by many researchers (e.g. Plusquellec,
1990; Elagib and Mansell, 2000a; Elagib, 2010; FAO 2011).

A time series of Moderate Resolution Imaging Spectroradiometer (MODIS), 16-day
composite Normalized Difference Vegetation Index (NDVI), 250 m resolution, (MOD13Q1
data product) satellite images is obtained for January 2000—March 2014. The MOD13Q1 data
set is freely available from the Oak Ridge National Laboratory Distributed Active Archive
Center (ORNL DAAC, 2011) in GeoTIFF format. Subsequently, the Gezira area is extracted
using the Extract-by-Mask tool in the ArcGIS 10 software (ESRI, 2013). The non-agriculture
pixels are masked using yearly MODIS Land Cover layers (MCD12Q1 data product) obtained
from the National Aeronautics and Space Administration (NASA) RS data distribution center
(NASA, 2013) in Hierarchical Data Format (HDF). Finally, the extracted images are projected
into a Projected Coordinate System with Universal Transverse Mercator (UTM) WGS84 datum

so that all pixels in the study area have equal size, thereby making pixel-level analysis easier.

3.2.2 Crop and actual evapotranspiration

The crop water demand and corresponding cultivated land area are the two essential
factors affecting water requirement. The recommended FAO Penman—Monteith (Allen et al.,
1998) equation is used to calculate reference evapotranspiration (ET,) with updated parameters
such as day length (So) and extraterrestrial radiation (Ho) from Elagib et al. (1999). Also, solar
radiation (H) is obtained with modified Angstrom coefficients developed by Elagib (2009).
Then, the crop coefficients (kc) of the main crops are utilized to estimate crop
evapotranspiration (ET.) (i.e. CWR), where ET. (mm/day) = kc x ET,. The kc values are

adopted from Farbrother (1996), who conducted a series of experiments under Gezira research

26



Chapter Three: Assessing the irrigation performance of agricultural scheme

farm conditions to estimate the crop factors, which are still in use for the scheme (Abdelhadi et
al., 2000). Farbrother used the Penman (1948) formula to estimate ET, and develop kc values.
The Penman—Monteith equation is superior to the Farbrother method for predicting ET.
(Abdelhadi et al., 2000). Later, Ahmed et al. (2007) and Adam (2008) reported updated kc
values from Farbrother (1996) for irrigated crops in the Gezira Scheme which are compatible
with the FAO Penman—Monteith formula. Ahmed et al. (2007) recommend adjustment factors
of 1.1 and 1.2 for the summer season and the rest of the year, respectively, while Adam (2008)
recommended an average adjustment value of 1.1 for the whole year. Therefore, ke values in
this study are adopted from those offered by Ahmed et al. (2007), which are more accurate for
estimating ET.. The kc values were given for a 10-day time scale, but these are converted to
monthly averages in the present study in order to conduct monthly irrigation performance
assessment, as shown in Table 3-2. ET. is defined as the potential water needed for plant growth
under conditions of optimum water supply. However, the actual condition presented by ET,
always falls below the optimum value when the stomata close up, due to environmental
circumstances.

Due to the lack of ET, measurements for the Gezira Scheme, such data are estimated
using the concept suggested by the FAO 33 paper (Doorenbos and Kassam, 1979), which is

seen as the only method available for this purpose and is given by the following equation:

il __ :
[1 - 'k_m] = Ky x [1 E-;-:] (Equation 3-1)

where Ky is the yield response factor, Ya is the actual crop yield, Ym is the maximum crop
yield, and ET, and ET. are the actual and potential CWR, respectively. The ratio ETJ/ET. is
referred to as the crop stress factor. The parameters are taken from previous on-farm research
(Ibrahim et al., 2002; Ahmed et al., 2010; FAO, 2011) for the Gezira Scheme, as presented in
Table 3-1. This method has been exploited in several practical applications and recommended
for estimating water productivity at both scheme and regional levels (Wahaj et al., 2007; Smith

and Steduto, 2012).
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Table 3-1. Values adopted for the parameters in Equation 3-1 to estimate the seasonal ET,

Parameter Sorghum Groundnut Wheat
Ya (kg/m?) Time series 1970-2007"

Ym (kg/m?) 0.4757 0.35% 0.37°
Ky (no units) 6.250* 2.60* 1.50%
ET. (m/season) Time series 1970-2007""

Source: *Ministry of Agriculture in Khartoum; TFAO (2011); *Ibrahim et al. (2002); $calculated from Ahmed et
al. (2010); **Author’s calculations. No data were available for cotton.

3.2.3 Irrigation supply indices

The performance of an irrigation system is concerned with the assessment of water flow.
The irrigation efficiency indicators Relative Water Supply (RWS) and Relative Irrigation
Supply (RIS) are chosen to assess the scheme irrigation service delivery performance (Kloezen
and Garcés-Restrepo, 1998; Malano and Burton, 2001). Both indicators were applied in
irrigation performance assessment in Sri Lanka (Bandara, 2003) and Spain (Salvador et al.,
2011; Moreno-Pérez and Roldan-Cafias, 2013). RWS is defined as the ratio of total water supply
to total water demand. In the Gezira Scheme, the total water supply is the irrigation water supply
from the Sennar Dam through the main channels (Gezira and Managel) plus the total rainfall in
cubic meters (though it is not taken into account in the irrigation scheduling), and the ET. is the
total crop water demand (m?), which is taken to be the maximum water demand for the whole
area. The land-use factor is used in this study to represent the cropped area. Then, the total water
demand is converted to water volume by multiplying the ET. by the corresponding cultivated

area. Hence, the RWS is expressed as:

RWS = precepitationtirrigation supply (Equation 3_2)
ETc

The climate of the area is hot and arid (Elagib and Mansell, 2000b; Elagib, 2010). Thus,
precipitation is likely negligible compared to the irrigation supply. Therefore, RIS is calculated
to estimate the performance of the irrigation water supply. The index represents the ratio of

irrigation water supply to irrigation water demand as follows:

RIS = Irrigation water supply , (Equation 3_3)
ETc—Pe

where irrigation water supply and ET. are as mentioned above, and Pe is the effective rainfall.
The latter is assumed to be 75% of the total rainfall (Mohammed, 2008).
Neither RWS nor RIS reflects whether or not the crop receives the required volume of

water in time. They just highlight the overall status of supply and demand. However, the
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indicators do not reveal that the supply is consumed by the crop. An RWS or RIS value of 1.00
implies that the irrigation water supply equals the crop water demand. This situation represents
100% irrigation efficiency, which is not possible under field conditions (Salvador et al., 2011).
In surface irrigation projects, an irrigation efficiency of 75% (RIS = 1.4) is considered the
highest level, excluding a system with a high degree of reuse of drainage flow (Plusquellec,
1990). In addition, RWS values between 0.9 and 1.2 (using ET.) imply adequate irrigation
efficiency (Moreno-Pérez and Roldan-Caifias, 2013). At this hypothetical efficiency, an RWS
or RIS value below 1.4 implies under-irrigation, whereas above 1.4 implies over-irrigation for

surface irrigation systems (Plusquellec, 1990; Salvador et al., 2011).

3.2.4 Rainwater supply assessment

The area experiences average summer crop season rainfall of 300 mm. On irrigated land,
salinity is generally considered a critical problem which causes loss of production and harm to
the environment (FAO, 1997). It was believed that the Gezira rainfall had a direct benefit for
the soil leaching process; however, there is no leaching water requirement, as there is no salt
problem in the Gezira (Plusquellec, 1990; Adam, 2008). This is because the Blue Nile water is
almost distilled with very little salt content (130 ppm) (Ministry of Irrigation and HEE, 1975).
In addition, the water table in the Gezira area is very deep (more than 15 m), which saves the
Gezira from salt accumulation (Plusquellec, 1990; Adam, 2008). Therefore, it is worth
assessing the adequacy of this rainfall. Hargreaves (1975) proposed many indices, such as
Moisture Availability Index (MAI), Moisture Deficit (MD) and Ratio of Moisture Availability
(RMA), for evaluating crop rainwater supply availability for irrigation scheduling. MAI is the
ratio of the DP to ET., where DP is the precipitation at a 75% probability level of occurrence.
MD is the difference between ET. and DP. Although the original formula for RMA is the ratio
of actual rainfall to ET., the effective rainfall is used in the current assessment to represent the
actual situation in the Gezira Scheme.

MD is calculated to show the deficit or excess of the desired rainfall moisture content.
MAI and MD are considered to assess the designed system for utilizing such rainfall, while
RMA evaluates the actual moisture available from the atmosphere. DP is determined using the
DISTRIB application in the Stormwater Management and Design Aid (SMADA) software
(Eaglin et al., 1996) to analyze the monthly rainfall data for 1961-2010. A three-parameter, log-

normal statistical model was found to give the best fit for the distribution.
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3.2.5 Productivity of land and water

Crop yield (Y), which expresses the physical mass of production (kg) per unit of
cultivated area (m?), is a good indicator for monitoring land productivity from year to year
(Bandara, 2003; Sadras et al., 2010). In addition, water productivity is important in water-scarce
regions. Water Use Efficiency (WUE) is considered a suitable indicator for water productivity
assessment and is important from the point of view of gaining maximum return from a limited
water resource (Shih, 1987; Stroosnijder et al., 2012). It has been applied in many case studies
to quantify the crop gained from every drop (Kiziloglu et al., 2009; Zhang et al., 2011), and is
calculated for each crop as the ratio of actual crop yield (Ya) to the seasonal ET. (m) for the
crop season. Since ET, in this research is estimated from yield data, the relationship between
ET, and yield is already assumed. Therefore, WUE (kg/m?) is defined by assuming ET, = ET.

as follows:

Ya

WUE=———
Seasonal ETc (Equation 3-4)

3.2.6 Monitoring of spatial efficiency

RS is a powerful management tool which provides system-wide and spatially distributed
information. Spatial information and identification of the drought areas can help to conserve
water by improving efficiency and water productivity. NDVI is commonly used to assess the
impacts of drought in agricultural areas and to understand the crop response to water availability
(Kogan, 1995; Kogan, 1997; Wan et al., 2004). Kogan (1995) developed the Vegetation
Condition Index (VCI) to assess agricultural drought areas by using multi-season maximum
NDVI and multi-season minimum NDVI for each grid-raster pixel. Nevertheless, the temporal
VCI assessment of irrigated agricultural areas may not reflect water availability in drought
areas, as every crop type and grid pixel has a distinct seasonal spectral and NDVI behavior
(Wardlow and Egbert, 2008; Foerster et al., 2012). The NDVI values for each grid-raster pixel
may show seasonal fluctuations due to crop-pattern rotation, as in the case in the Gezira
Scheme. In order to correct this anomalous behavior and isolate the effect of crop rotation, given
the objective of the current assessment to evaluate water distribution efficiency, in this study
the modified VCI (MVCI) is calculated individually for each season using the following

formula:

(NDVI; =NDVli1 )
(NDVlnae —~NDVI;0 )

MVCI=100 x
(Equation 3-5)
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where NDVI; is the NDVI value of the current grid image pixel, and NDVInax and ND Vi, are
the maximum and the minimum NDVIs of the given image for the whole scheme, respectively,
rather than the extremes of the time series as suggested by Kogan (1995). MVCI takes values
between zero and 100, where the lower limit represents the driest condition, and the upper value,
the wettest condition.

The crop stress factor (ks) is considered another method to identify drought areas and
irrigation deficit (Fereres and Soriano, 2007). Therefore, monitoring using ks on both spatial
and temporal scales is critical for improving irrigation water management (Bastiaanssen et al.,
2005). In this study, the actual and potential (ET. and ET,) MOD16A2 ET products are used,
which are operationally produced from the MODIS sensor (Mu et al., 2011). Besides, the
MOD16A2 product has been validated with ET measurements all over the world (Mu et al.,
2011; Kim et al., 2012; Velpuri et al., 2013; Ruhoff et al., 2013; Chen et al., 2014).

The bimonthly composite MODIS NVDI and the 8-day MOD16A2-ET images for each
season are stacked individually using the Cell-Statistics tool in ArcGIS 10 to represent the
summer crop season, June—October, and the winter crop season, November—March. Later, the
MVCI assessment is conducted for 28 images constituting the summer crop and the winter crop
seasons (14 images for each season) for 2000-2014. On the other hand, the ks assessment is

conducted for 2000-2009 (9 images per season) due to data availability.

3.3 Results and discussion

3.3.1 Crop stress

ET, results for 1961-2010 have minimum monthly values of 153—177 mm during the
winter climate season (November—January). The maximum monthly values were recorded
during April and May as 253 and 255 mm, respectively. Table 3-2 presents the developed
monthly ke values for the main crops.

Table 3-2. Monthly dependable rainfall (DP) and monthly derived kc values for the Gezira
Irrigation Scheme

Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec
DP (mm) 0.0 0.0 0.0 0.2 1.9 106 473 655 246 3.7 0.0 0.0
ke cotton 1.04 0.82 - - - - 0.55 059 091 136 142 1.30
ke sorghum - - - - - 0.55 0.80 1.22 1.11 0.78 - —
ke wheat 1.30 0.74 - - - - - - - - 0.70 1.24
ke groundnut - - - - - - 0.75 1.10 1.17 095 0.72 —
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The highest seasonal crop water demand is calculated as 1430 mm for cotton, while the
lowest demand is for wheat (670 mm). Elagib and Mansell (2000) reported that the area
experienced increasing evapotranspiration rates (Figure 3-1) for the dry period of 1960/61—
1989/90, after which recovery from drought is noticeable for 1990/91-2003/04 (Elagib, 2009).
This led to decreased ET. for all summer crops, indicating lower atmospheric demand. The ET.
trends of sorghum, groundnut and wheat series follow various patterns. In the case of sorghum
and groundnut, ET, values do not show trends over time (giving averages of 743 and
770 mm/season, respectively), while wheat ET, rises steadily after the 1999/2000 crop season

(the average varies from 345 to 432 mm/season).

1750 |  -—ETo -<Cotton -=Groundnut —+-Sorghum —+Wheat

Irrigation season

Figure 3-1. Seasonal reference and crop evapotranspiration for the Gezira Scheme

The long-term behavior of crop stress can be seen in Figure 3-2, taking ranges of 0.86—
0.93, 0.67-0.94 and 0.33—-0.76 for sorghum, groundnut and wheat, respectively. It is clear that
the crop stress values for sorghum have not changed significantly over time. Although the
sorghum yield (Figure 3-9) is shown to be affected by drought conditions, factors other than
climate, such as water, fertilizers, pesticides and anti-diseases, can also play a role in its final

levels.
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Figure 3-2. Crop water stress (ETo/ET.)
3.3.2 [Irrigation supply indices

3.3.2.1 Annual assessment

The annual RWS and RIS irrigation performance indicators for the Gezira Scheme are
shown in Figure 3-3. Regime Shift Detector (RSD) software (Rodionov, 2004) is used to detect
statistically significant shifts in the mean level of the RWS and RIS time series. Accordingly,
irrigation management can be classified into two categories, adequate and inefficient irrigation,
in terms of meeting evapotranspiration demand. Irrigation management for 1970/71-1993/94
is considered adequate, with an average RIS value of 1.40. A similar result is reported by
Plusquellec (1990) for the scheme for roughly the same period. Since then, seasonal irrigation
efficiency has been decreasing, with year-to-year variability since 1993/94, from an average of
1.40 and 1.70, to 2.23 and 2.60 for RIS and RWS, respectively. However, visual inspection
reveals that irrigation management starts to be inefficient from 1990/91, due to an excess supply
of water. The data show that water amounting to twice the crop requirement has been issued
from the Sennar reservoir. It is doubtful that the additional water is supplied to overcome the

water conveyance and/or for land preparation.
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Figure 3-3. Annual Relative Water Supply (RWS) and Relative Irrigation Supply (RIS) for the

Gezira Scheme (1970-2010)

Figure 3-4 illustrates the preponderant impact of crop patterns on irrigation efficiency.

Since 1989, the cotton area has declined, while sorghum has grown steadily. Guvele (2001) and

Elamin et al. (2011) mentioned that the government crop acreage liberalization policy since

1989 has proved inefficient for land use, causing instability in the area of main crops. In

addition, irrigation water supply has not improved as a result of the policy, which is likely due

to inaccurate estimation of net irrigation need up to 2000. Thereafter, more irrigation water has

been released. Moreover, Ahmed (2009) reports that the channels of the Gezira Scheme were

over-excavated during the substantial channel de-silting program of 1999.
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Figure 3-4. Crop area and total irrigation water supply for the Gezira Scheme

3.3.2.2 Seasonal assessment

The evolution of the RWS and RIS indicators for the two crop irrigation seasons
(summer and winter) are shown in Figure 3-5. Irrigation management is found to be less
efficient through the winter crop season than the summer crop season, especially during the last
two decades. This inefficiency results from the fact that most of the cultivated lands are
allocated for wheat and the final growing stage of cotton. These winter crops present the lowest
demand when the cool climate lowers ET., especially for wheat (average = 670 mm/year). On
the other hand, the higher efficiency during the summer crop season persisted until two decades
ago. In spite of delivering twice the volume of water in the summer season, crop demand was
not met, as reported by many researchers (Ahmed, 2009). This could be attributed to the rate of
water release (discharge) through the main channels. According to Brouwer et al. (1992), the
surface irrigation method in areas located in hot and arid zones requires a greater continuous
discharge of 1.5 I/s/ha. Plusquellec (1990) reported that the channels are designed for 12-hour

irrigation scheduling to irrigate half the area of the scheme (= 0.5 million ha). Therefore, the

irrigation system of the scheme uses around 1.4 1/s/ha, which is considered an optimum
discharge to satisfy crop demand. However, farmers started to leave field outlet gates open for
24 hours (Plusquellec, 1990), and almost the whole scheme area has been cultivated since the

initiation of the government crop acreage liberalization policy of 1989 (Guvele, 2001; Elamin
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et al., 2011). This means the irrigation system delivers 0.35 1/s/ha, indicating that the scheme is

not fairly supplied with water. More water is withdrawn by the farmers upstream of the main

channels, thus causing drought in the downstream zones.
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Figure 3-5. Summer and winter Relative Water Supply (RWS) and Relative Irrigation Supply
(RIS) for the Gezira Scheme (1970-2010)

3.3.2.3 Monthly assessment
To study irrigation performance in more depth, monthly analysis is also conducted.
During June—August, the RWS assessment demonstrates that water supply has been almost

twice crop demand since 1994, especially in July, as shown in Figure 3-6.

For the same period, RIS implies that the irrigation water supply is three times crop
demand. The exceptionally high RIS values (more than 40) for July in 1970, 1978 and 2007 are

attributable to high rainfall (=2 160 mm) received during these months. This reduced total
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demand by 98%, and the total released irrigation water supply covered 20% more than demand.
Two reasons can be reported here: firstly, this period includes land preparation and initial
growing stages for the main summer crops; and secondly, the rainfall is not taken into account
in scheduling irrigation during this part of the year. Both RWS and RIS increase in November
and December, a phenomenon that could be explained by the harvest time of the summer crops

(sorghum and groundnuts) and the start of land preparation for winter crops (wheat).
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Figure 3-6. Monthly Relative Water Supply (RWS) and Relative Irrigation Supply (RIS) for
the Gezira Scheme for June (top), July (middle) and August (bottom)
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A closer look at the above results reveals that rainfall variability plays an important role
in changing RWS and RIS. In spite of the interannual variability, RWS and RIS values dropped
between the late 1970s and the early 1990s, when a dry period was reported in Sudan (Elagib
and Mansell 2000; Elagib, 2009). RIS in August 1985 reached a value of 7 when a heavy rainfall
(151.24 mm) occurred, which may have decreased the need for irrigation. In conclusion, the
Gezira Scheme receives fairly adequate rainfall, which should be directly utilized or harvested

for irrigation, despite the intra-seasonal variability.

3.3.3 Rainwater supply

The monthly DP values are presented in Table 3-2 (further analysis is shown in
Appendix Two). It can be seen that the rainy season is June—September, and the highest-return
period is July—August. The calculated monthly MAI for all crops is less than 1.00, as shown in
Figure 3-7, indicating insufficient supply of moisture from precipitation. However, the first half
of the initial growing stage for groundnut and sorghum (July and August) presents moderately
deficient conditions (0.34-0.45), while the MAI for cotton shows moderately deficient
conditions (0.4-0.8) during the same period. The seasonal MD took the ranges 501-863 mm,
616-989 mm and 1014-1336 mm for sorghum, groundnut and cotton, respectively, indicating
that around 150 mm per year for sorghum and groundnut, and up to 300 mm for cotton could

be saved when the rainfall accounted for irrigation scheduling.
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Figure 3-7. Moisture Availability Index (MAI) for July and August

Using the historical RMA assessment of the actual rainwater supply, it can be deduced
from Figure 3-8 that the most promising months to utilize the rainfall are July and August. On
average, the ratio of rainwater supply to crop demand in July is equal to 0.67, 0.49 and 0.46 for
the RMA of cotton, groundnut and sorghum, respectively. It is found that 12 out of 50 years
had an RMA of greater than one for cotton, implying that cotton does not need irrigation water
during the initial growing stage. Also, for groundnut and sorghum, 4 years out of 50 had RMA

values greater than one. In August, the RMA for cotton recorded values of greater than 1 in 15
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years, with a 50-year average of 0.79, but did not record greater than one for the other crops.
Besides, the 50-year RMA average for groundnut and sorghum indicates that rainwater supply
is almost 40% of demand. During the rest of the rainy months, the effective rainfall contributes
up to 25% of the demand for the other crops. Based on these results, it is fair to conclude that
rainfall could be considered in irrigation scheduling, or be harvested to reduce the crop demand

for irrigation water during the rainy season, especially in July and August.
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Figure 3-8. Ratio of Moisture Availability (RMA) for July (top) and August (bottom)
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3.3.4 Water productivity

3.3.4.1 Cropyield

The yield time series for the four crops are plotted in Figure 3-9 for the Gezira Scheme
for 1970-2006. Despite the interannual variability, it can be observed that the yield trend of
groundnut decreased until the mid-1980s following the climate drought period (Elagib and
Mansell 2000b; Elagib, 2009) and has been increasing thereafter. The regime shift analysis
declares that the yields of sorghum and cotton were not significantly affected (except 1975/76—
1982 for cotton) by the drought period, because both crops are considered drought-tolerant
crops (Rosenow et al., 1983). The improved wheat and sorghum yields witnessed since 2000
might be linked to excess irrigation. However, the cotton yield has remained almost constant,
presumably because cotton has not received the official attention it had before the mid-1970s,

especially as cotton has considerably reduced in favor of food crops (Mahgoub, 2014).
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Figure 3-9. Crops yield for the Gezira Scheme
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The highest yield in the Gezira Scheme is found to be for groundnut (2.97 t/ha), while
the lowest yield was recorded for cotton (0.4 t/ha). The mean yields for groundnut, sorghum
and wheat are 1.8, 1.6 and 1.3 t/ha, respectively. As for the latter two crops, both yields are
below the attainable yields estimated by FAO (2011) and FAO (2009), respectively, as 3.8-5.7
t/ha and 3.3—4.1 t/ha. Furthermore, the productivity of cotton at country level is no exception:
it is only 35%, 47%, 53% and 61% of that reported for Australia, China, Egypt and Pakistan,
respectively (Bushara and Barakat, 2010). FAO (2011) mentioned that the factors responsible
for seasonal fluctuations and low yields in the Gezira Scheme include water shortages due to
poor and inadequate maintenance of the irrigation distribution system. According to the FAO
Nile country report for Sudan (2008), as cited in FAO (2011), another reason affecting the crop
yield is the “head to tail” (start-to-end of a channel) effect, which represents the inequity of
water distribution in an irrigation system. The report mentioned that this effect might reduce
the yield by 25%—50%. At the on-farm level, mismanagement of the applied water and lack of
fertilizers are significant causes for the drop in yields, especially for sorghum and groundnut
(Ibrahim et al., 2002). To improve WUE and crop productivity, rainwater harvesting is proposed
as a suitable technique for supplemental irrigation, especially in the arid regions of the African
Sahel, thus improving the crop yield by up to 50% (Stroosnijder et al., 2012).

To examine the crop yield response to water, the correlation between the crop yield and
the volume of irrigation water is explored. It is worth mentioning here that data for irrigation
water delivered to each crop was not obtainable. The derived relationship is attempted using the
total irrigation water supply from the Sennar Dam. It is noticed that the crop yield improves
with increased irrigation water release. R? is 0.45, 0.50 and 0.44 for sorghum, groundnut and
wheat, respectively. The significance level (p) for a two-tailed test of a Pearson correlation
coefficient is 0.00064, 0.00023 and 0.00023, respectively, for the same crop sequence. On the
other hand, the correlation for cotton is very low (R?>= 0.003 at p = 0.9401). This is possibly
due to cotton having a longer growing period that extends over the summer and winter crop
seasons, which is not reflected by the volume of irrigation water released from the Sennar Dam
for the whole year. Moreover, the planting date is another decisive factor for low yield,

especially for wheat (FAO, 2009).

3.3.4.2 Water Use Efficiency

Figure 3-10 depicts the time series of WUE for the three main crops under consideration.
WUE for groundnut, wheat and sorghum took the ranges 0.02—0.04, 0.09-0.36, 0.06—0.33 and
0.1-0.38 kg/m?’, respectively. Lower values were obtained for 1978/79-1991/92, a dry period
in Sudan, thus initiating higher values of ET.. Adeeb (2006) estimated the WUE for 16 years
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(1988-2004) to have similar values of 0.1-0.22, 0.07-0.27 and 0.15-0.41 kg/m?, respectively.
Similar to other crops, cotton WUE decreased until it reached its lowest level (0.018 kg/m®) in
1980/81. Since then it has remained almost constant in view of the steady yield states, as stated
earlier. It is worthwhile mentioning that values of ET. rather than ET. were utilized in both
calculations, thus giving lower WUE values. However, even with half the ET. values (according
to the calculated crop stress factor in Section 3.3.2), it can be deduced that the Gezira Scheme

still has lower water productivity compared to values reported elsewhere across the world.
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Figure 3-10. Water use efficiency (WUE) for the main crops in the Gezira Scheme

For instance, the worldwide ranges of WUE are 0.6-1.7 kg/m? for wheat and 0.3-2.2
kg/m? for sorghum (Zwart and Bastiaanssen, 2004; Zwart and Bastiaanssen, 2007; Sadras et al.,
2010), which are much higher than the calculated 40-year average (0.26 and 0.4 kg/m’,
respectively) for the Gezira scheme. Taking wheat as an example and using the same
methodology for calculating ET. over the same crop season 2000/01 (2001/02 for Gezira),
Figure 3-11 demonstrates that the Gezira achieves the lowest WUE value among nine irrigated
farming systems. The highest value is obtained for the Nile Delta in Egypt, where there is a
high usage of other inputs, such as fertilizers and pesticides (FAO, 2011). However, the low
water productivity of the Gezira Scheme is largely due to mismanagement of irrigation water

at the field level (Ibrahim et al., 2002; Adeeb, 2006).
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Figure 3-11. Water use efficiency (WUE) for nine irrigated wheat systems
Data source: Gezira: Ahmed et al. (2010); others: Zwart and Bastiaanssen (2007).

3.3.5 Monitoring of spatial efficiency

A visual spatial assessment of drought is provided in Figure 3-12 using the summer crop
season MVCI for 2000/01-2013/14. The results indicate that the northern zone of the scheme
is always dry, while the southern, central and western parts are generally well-irrigated.
Although the Sennar Dam delivers irrigation water amounting to twice the demand during the
summer crop season, the system seems to fail in conveying it to the northern part. This may be
attributed to the enormous amount of sediment entering the scheme during this season. Ahmed
(2009) mentioned that the sediment impounds water in the channels, causing flooding in some
areas of the scheme and drought in others.

Another factor is related to the low rate of discharge, as explained in Section 3.3.2.2.
On the other hand, the winter crop season tells a different story. Figure 3-13 shows a good
spatial distribution of winter MV CI throughout the scheme. It indicates that the scheme receives
sufficient irrigation water during this season, because only wheat and end-stage cotton are
cultivated over almost all the land. The demand for irrigation water is low, and the supply is
then satisfactory, as discussed in Section 3.3.2.2. In addition, the irrigation flows without

sediment loads during the winter crop season (Ahmed, 2009).
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Figure 3-12. Spatial irrigation supply assessment for the summer crop season
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Figure 3-13. Spatial irrigation supply assessment for the winter crop season
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To justify the achieved MVCI results, the time series of mean MVCI values (plotted in
Figure 3-14) for the whole Gezira Scheme is compared with the RIS and RWS values (Figure
3-5) for both irrigation seasons. As can be seen, the MVCI values respond well to water
availability, which is represented by RIS and RWS. A significant positive linear relationship (p

=(0.001) between MVCI and the irrigation indicators for the summer is observed, with R? values

of 0.66 for RIS, and 0.59 for RWS. On the other hand, higher R? values are found (p < 0.001)
for the winter, with values of 0.76 and 0.78 for RIS and RWS, respectively. According to Figure
3-14, MVCl is in an increasing trend from the summer crop season of 2000/01 until a sudden
drop in 2004/05; then an upward trend is noticed. The best situation is encountered during the
summer crop season of 2003/04, when the highest RIS (2.34) is estimated. However, the highest
MVCl is calculated in 2010/11, with average value of 49% for the whole scheme. In that year,
the responsibility for irrigation was changed, as mentioned earlier in Section 2.3.1, with
uncontrolled release of more water indicated by a higher MV CI value. During the winter crop
season, a consistently low value of MVCl is found in the time series, ranging from 37% to 38%

during 2003/04-2008/09, after reaching a peak value of = 40% in 2002/03. In this crop season,
the estimated RIS and RWS had the highest values (4.95 and 7.20, respectively). After 2010,

the vegetation of the scheme experienced more greening when compared to the other irrigation

seasons, as the average MVCI value reaches = 40%.
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Figure 3-14. Temporal average values of the Modified Vegetation Condition Index (MVCI)
for the Gezira Scheme
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Another source of data (MODI16) is also used to assess the spatial efficiency.
Unfortunately, both ET. and ET, values from the MOD16 ET product are very low for the
Gezira Scheme compared with other experimental ET studies (i.e. Farbrother (1996), Abdelhadi
et al. (2000), Ibrahim et al. (2002), Adeeb (2006), Ahmed et al. (2007), Bashir et al. (2008) and
Ahmed et al. (2010)). For instance, the mean ET, in August is around 5.90 mm/day (average
50 years) and the highest calculated ET. in August is for sorghum, at around 7.1 mm/day. The
maximum value of MODIS ET, for the same month is around 3.0 mm/day. In addition, the crop
stress ratio (ks) from the mentioned local studies is around 50%, while the obtained ks value
from MODIS ET product does not exceed 10%. This can be explained by the fact that estimation
of ET values from irrigation areas cannot be well represented by the MOD16 algorithm alone
in arid and semi-arid areas (Mu et al., 2007, 2011). Therefore, the predicted ETa., ET, and ks
absolute values are not used in this research. However, the spatial pattern of ks is still considered
useful information for monitoring drought areas, and can be used for spatial efficiency
assessment. Figure 3-15 and Figure 3-16 give a visual spatial assessment of the crop stress
factor (ks) for the summer and winter crop seasons for January 2000—August 2008. As can be
seen, MV CI shows similar results to ks for the summer crop season, but differs from ks during
the winter season, when the northern zone of the scheme is dryer than the other zones. However,

the northern zone still receives less water than the rest of the scheme.
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Figure 3-15. Spatial crop stress factor (ks) for the summer crop season
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Figure 3-16. Spatial crop stress factor (ks) for the winter crop season
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The water distribution assessment shows, in general, that the Gezira Scheme faces water
deficit in many areas, especially in the northern part during the summer crop season, whereas
water is sufficiently available and well-distributed during the winter season. MVCI is much
more powerful for identifying drought areas than the estimated ks from the MOD16 product.

Still, further studies for accurate ET. and ET), are recommended.

3.4 Conclusions

Irrigation water management study has been conducted by assessing irrigation water
supply, rainwater supply, crop productivity and water distribution in the Gezira Scheme. The
spatial and temporal characteristics of irrigation performance in the Gezira Scheme are
examined for the crop seasons 1961/62-2009/10. Inefficient irrigation water supply of the
Gezira Scheme has been witnessed since 1993/94, with RWS of 1.7-2.6 and RIS of 1.4-2.23.
RWS and RIS for the winter crop season present higher values than those for the summer crop
season, which is arguably linked to the change in crop policy in 1990. Moreover, the monthly
MALI for all crops is less than 1.00, indicating inadequate supply of moisture from rainfall. Yet
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the rainfall could be utilized in July and August to satisfy part of the crop demand. The average
RMA values of 0.67, 0.49 and 0.46 for cotton, groundnut and sorghum, respectively, for July
show the proportion of the evapotranspiration that can be partially supplemented by rainfall.
However, the rainfall is not accounted for in irrigation scheduling in the scheme. Despite the
water availability, the crop productivity analysis indicates that the Gezira Scheme has
comparatively lower WUE values than those recorded for other irrigation schemes worldwide.
The MVCI indicator reveals poor water distribution, especially during the summer crop season.
Spatial drought mapping for the last 13 years has exposed a repetitively dry zone in the northern
part of the Gezira Scheme, but well-irrigated zones in the southern, central and western parts.
On the other hand, irrigation water is abundantly available during the winter crop season across
the whole scheme. The MV ClI values respond well to the water availability, which is represented
by RIS and RWS.

The results can be used to improve irrigation water management in the scheme. The
indicators show that water availability is higher than demand. Moreover, the contribution of
rainfall to irrigation is completely overlooked. Rainfall should be harvested and utilized to
reduce the need for supplemental irrigation. Also, the inequity of the conveyance system could
be an additional factor leading to the low crop productivity of the scheme. Further research is
required for accurate estimation of crop water demand using RS techniques. Also, a water policy

analysis is required for the lower performance that is observed since the 1990s.
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CHAPTER FOUR

DETERMINING THE OPTIMAL REMOTELY SENSED
APPROACH TO OBTAINING ACTUAL
EVAPOTRANSPIRATION FOR THE GEZIRA SCHEME

4.1 Introduction

Monitoring and quantifying the consumptive use over irrigated agricultural areas, rather
than quantifying the delivered irrigation water (Folhes et al., 2009), can help to conserve water
by improving efficiency and water productivity (Allen et al., 2011; Martin et al., 2013).
Generally, the ET. of a crop represents the actual water consumption (Allen et al., 1998). ET.
is an important indicator for evaluating irrigation water management practices (Fereres and
Soriano, 2007), as well as improving the crop productivity through enhancing soil moisture
management (Fraiture and Wichelns, 2010). Hence, spatio-temporal information on ET, assists
decision-makers to better quantify water depletion and establishes links between land use and
water allocation (Bastiaanssen et al., 2005).

Scholars have developed many methods to estimate evapotranspiration (ET), such as
the pan evaporation method, lysimeters, flux profile measurements, the FAO Penman—Monteith
method, the Bowen ratio and eddy-correlation measurements (Prueger et al., 1997; Allen et al.,
1998; Immerzeel et al., 2006). These methods are point methods based on meteorological
information for a specific station, and do not provide spatial patterns of ET, (Immerzeel et al.,
2006; Folhes et al., 2009). If the recommended point method of FAO Penman—Monteith is to
be used spatially for estimating crop ET, its stages and crop factors must be known. However,
it is often difficult to estimate these factors over large populations of crops and fields (Allen et
al., 2011). RS data with high spatial and temporal resolutions are, therefore, a useful tool for
providing information on evapotranspiration in this case, but are still limited when cloud cover
exists (Immerzeel et al., 2006).

In the Gezira Scheme, estimating ET. using RS methods has been carried out to
determine crop coefficients for specific farms for wheat in 2001/02 (Ahmed et al., 2010) and
for sorghum in 2004/05 (Bashir et al., 2007a, 2007b, 2008). Since the Gezira Scheme covers a
vast area that lacks an actual water consumption monitoring system, it becomes imperative to

develop a suitable tool for monitoring agricultural water use. Therefore, the overall objective
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of this chapter is to determine the agricultural water consumption for the Gezira Scheme of

Sudan, using RS techniques.

4.2 Materials and methods

4.2.1 Model selection

The most applicable RS method for estimating ETa in irrigated areas is the surface
energy balance method (Bastiaanssen et al., 2005; Immerzeel et al., 2006; Senay et al., 2007,
Allen et al., 2008), which has been successfully applied worldwide. Immerzeel et al. (2006)
stated that this method is the most complete and highly accurate for this purpose. In addition, it
has significant advantages over other RS methods, as it does not need information on crop
development stages or specific crop type location (Allen et al., 2008) and captures the actual
crop status (Allen et al., 2011). However, there are several different energy balance models of
ETa based on RS data, such as SEBAL (Bastiaanssen et al., 1998a, 1998b), S-SEBI (Roerink
etal., 2000), METRIC (Allen et al., 2007a), ETLook (Pelgrum et al., 2010) and SSEBop (Senay
etal., 2013).

The SEBAL algorithm has been widely used and validated for irrigated agricultural
areas all over the world for the past two decades (Pelgrum and Bastiaanssen, 1996; Bastiaanssen
etal., 1998b; Bastiaanssen, 2000; Allen et al., 2005; Immerzeel et al., 2006; Bashir et al., 2007a,
2007b, 2008; Ahmed et al., 2010). The ETLook model is a newer version of the SEBAL
algorithm based on an Advanced Microwave Scanning Radiometer-EOS (AMSR-E) passive
microwave sensor (Pelgrum et al., 2010). However, the AMSR-E antenna stopped spinning on
October 4, 2011 (NASA, 2013). In addition, the METRIC has the same foundation, principles
and techniques as used by the SEBAL model (Trezza, 2006; Allen et al., 2007a; Allen et al.,
2007b; Allen et al., 2011; Martin et al., 2013), and SEBAL and METRIC need minimal ground
data (Folhes et al., 2009), which is hard to obtain for Sudan. Consequently, SEBAL and
METRIC are chosen in this research, as they are considered long-term planning tools
(Immerzeel et al., 2007) and operationally more applicable. In spite of SEBAL and METRIC
being the most complete and accurate models for estimating ET, they are considered complex
(Immerzeel et al., 2006; Senay et al., 2009). Therefore, the Simplified Surface Energy Balance
(SSEB) (Senay et al., 2007), a simplified version of SEBAL and METRIC, is also addressed in

the current research.
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4.2.2 Source of data

4.2.2.1 Remote sensing

Landsat sensors have provided the data most used in RS studies on crop ET monitoring
via SEBAL and METRIC (Bastiaanssen, 2000; Allen et al., 2003, 2005; Tasumi et al., 2003,
2005; Trezza, 2006). The spectral coverage and spatial resolution (30 m) of Landsat data allow
ET estimation at individual agricultural field scale. Fortunately, the Landsat tile (path 173, row
50) covers almost 94% of the total Gezira area, as illustrated in Figure 4-1. All Landsat
Enhanced Thematic Mapper Plus (ETM+) L1T images over the Gezira Scheme with cloud
cover < 1% are obtained for a period extending from the end of May 2004 to the beginning of

December 2004, as listed in Table 4-1.
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Figure 4-1. Location of the study area and the aerial coverage of Landsat tile
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Table 4-1. Landsat ETM+ images used for season 2004/05 in the Gezira Scheme

ID Date Landsat scene identifier Cloud cover (%)
1 May 25, 2004 LE71730502004146ASNO03 0

2 Jul. 28, 2004 LE71730502004210ASNO1 0

3 Aug. 13,2004 LE71730502004226 ASNO1 1

4 Aug. 29, 2004 LE71730502004242ASN01 1

5 Oct. 16, 2004 LE71730502004290ASNO01 0

6 Nov. 1, 2004 LE71730502004306 ASNO0 0

7 Nov. 17, 2004 LE71730502004322 ASNO0 0

8 Dec. 3, 2004 LE71730502004338 ASNOO 0

The ETM+ images of scan line corrector (SLC) failure have 22% missing pixels
occurring in a repetitive along-scan stripe pattern (Chen et al., 2011). To obtain complete
coverage, a pre-process gap-filling is done using the nearest-neighbor statistical method as a
similar approach used by Evapotranspiration (2011a, 2011b) (Appendix Three). The Landsat
ETM+ wavelength bands 1-61, and 7 (USGS, 2014) are used in this study. The Digital Numbers
(DN) of Landsat images are converted to reflectivity by applying Landsat Handbook (2007)
equations.

The NDVI product (MOD13Q1), 16-day and 250 m resolution, from MODIS is
downloaded for June 2004—November 2004. The MOD13Q1 data set is available for free and
is obtained from the Oak Ridge National Laboratory Distributed Active Archive Center (ORNL
DAAC, 2011) in GeoTIFF format. Subsequently, the Gezira area is extracted by using the
Extract-by-Mask tool in ArcGIS 10 software (ESRI, 2013).

A digital elevation model (DEM) is used within the selected energy balance models to
calculate the atmospheric transmissivity (Tsw) and correct the land surface temperature (Ts). The
Shuttle Radar Topography Mission (SRTM) DEM data (90 m) is downloaded from the United
States Geological Survey (USGS) (USGS, 2013a). The DEM is processed using the Mosaic-
To-New-Raster, Con-function, Is-Null, Focal-Statistics and Project-Raster tools in ArcGIS 10
software (ESRI, 2013) for data void filling, mosaicking, and re-projection of the tiles to form a

single, seamless DEM for the Gezira area.

4.2.2.2 Ground-observed data
Daily and monthly meteorological data (maximum and minimum air temperature,
sunshine hours, wind speed and humidity) are obtained for four meteorological stations, as

presented in Table 4-2 and shown in Figure 4-1, from the Sudan Meteorological Authority. The
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available daily data are for the satellite image dates mentioned in Table 4-1. In addition, the
rainfall data are obtained for the week prior to the satellite overpasses. Also, instantaneous
climatic elements, temperature, wind speed and relative humidity are derived at 09:00 GMT
due to the lack of observation during the satellite overpass time (= 08:00 GMT). The Thiessen
polygon method (Chow et al., 1988) is used to define the area covered by each meteorological

station.

Table 4-2. Location of the meteorological stations

ID Station Latitude Longitude Altitude (AMSL)
1  Ed-Dueim 14°00'0.00"N 32°19'48.00"E 378 m
2 Khartoum 15°36'0.00"N 32°32'24.00"E 382 m
3 Sennar 13°33'0.00"N 33°36'36.00"E 418 m
4  Wad Medani 14°24'0.00"N 33°28'48.00"E 408 m

4.2.3 Energy balance method

4.2.3.1 SEBAL
The theoretical and computational basis of SEBAL is described in Bastiaanssen et al.
(1998a, 1998b, 2005) and Bastiaanssen (2000). The SEBAL model calculates the instantaneous

latent heat flux (AE) for each satellite image pixel from the following energy balance equation:
AME=Rn—-G-H (W/m?), (Equation 4-1)

where ) is the latent heat of the vaporization; R,, the net radiation (W/m?); G, the soil heat flux
(W/m?); and H, the sensible heat flux (W/m?). The instantaneous net radiation (Ry) is calculated
as a function of incoming and outgoing short- and long-wave radiation. Several derived
parameters are used to obtain Ry, such as (1) NDVI, Leaf Area Index (LAI) and Soil Adjusted
Vegetation index (SAVI) vegetation indices, (2) surface albedo and (3) Ts. The latter is
calculated based on the Landsat Handbook (2007) and Allen et al. (2007a) with elevation
adjustment based on DEM, as recommended by Senay et al. (2011). Afterward, G is empirically
calculated as a G/Rn fraction. Finally, H is computed using wind-speed observations, surface-
to-air temperature differences and empirical surface roughness (Zom). The latter is obtained from
an empirical relation (Bastiaanssen, 2000) using SAVI. The process of H is obtained through
self-calibration steps between dry (AE = 0) and wet (H = 0) pixels. They are manually identified
by the user on the image (Bastiaanssen et al., 2005). In this study, the hot anchor pixel is selected

where bare agricultural soil is assumed to be dry enough after verifying that there have been no
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rainfall events in the week prior to the Landsat overpass dates. The cold pixel is selected from
a local water body, as recommended by Bastiaanssen et al. (1998a), which for the present study
is located at the Jabal El-Aulia reservoir. Once AE is intended, the daily ET, from SEBAL (ET.-
seBaL) is calculated as a function of the evaporative fraction (EF), the ratio of latent heat flux

over available energy, which is assumed to be constant during daylight hours. EF is defined as
EF =AE/ (Rn — G), (Equation 4-2)
Later, ETasepar is transformed from W/m? to mm/day using the following equation:

ETy skpaL = b E: = a-day (mm/day), (Equation 4-3)

where 86400 is a constant for daily time scale conversion; Ry.qay is the daily net radiation, which
is aggregated based on Bastiaanssen et al. (1998a) with daily atmospheric transmissivity
updates by the modified Angstrém coefficients developed by Elagib (2009); and A is calculated

as a function of mean daily air temperature (Tmean) as follows:

A= 2.501 — 0.00236 X Ty pan X 10°, (Equation 4-4)

4232 METRIC

METRIC (Mapping EvapoTranspiration at High Resolution with Internalized
Calibration) is a satellite-based image-processing tool for calculating ET. as a SEBAL
foundation (Martin et al., 2013). METRIC is developed by Allen et al. (2007a) and departs from
the SEBAL model in terms of cold pixel selection in that it should be located within a well-
irrigated homogeneous agricultural field. Methods for selecting proper hot and cold pixels can
be found in Allen et al. (2002). In this study, the hot pixel is the same pixel as used in SEBAL,
while the cold pixel is always found in the well-irrigated area in the southern part of the Gezira
Scheme. At the cold pixel, METRIC utilizes the alfalfa reference ET (ET:) to establish the
energy balance condition (Allen et al., 2011). ET; and the grass reference ET (ET,) are
calculated using the REF-ET version 3.1 software developed by Allen (2000). METRIC also
differs from SEBAL in that it extrapolates daily ETa by using ET; rather than daily net radiation
(Allen et al., 2008; Allen et al., 2011). Hence, the reference ET fraction (ET.F) is calculated as

follows:

AE

(Equation 4-5)

where 3600 is a constant for hourly time scale conversion, A and AE are as defined in Equations
4-1 and 4-4, respectively, and ETrinst is instantaneous ET; (mm/hour). Consequently, METRIC

daily ETa (ETa-meTRIC) 18 calculated from the following equation:
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ET,-merric = ET/F % ETraa (Equation 4-6)

where ET.F is as defined above and ET:24 is the daily ET:; (mm/day). Both SEBAL and
METRIC are simulated using ERDAS Imagine 2011 (ERDAS, 2013) integrated with ArcGIS
10 (ESRI, 2013) for hot and cold pixel extraction. A user manual for applying SEBAL and
METRIC is presented in Appendix Three.

4.2.4 SSEB

Senay et al. (2007) developed and implemented the SSEB model to monitor and assess
irrigation performance in Afghanistan. The model was evaluated, and gave comparable results
to lysimetric data (Senay et al., 2013) and the METRIC model (Senay et al., 2011). SSEB
approaches SEBAL and METRIC with further simplification by stating that ET, varies linearly
with hot and cold pixels. This simplification is manifest in using T rather than AE and H to
derive the ET fraction (ETy) (Equation 4-7) based on hot and cold pixels. Senay et al. (2007)
argue that the hot pixel of a bare agricultural area experiences little or no ET, while the cold

pixel of a well-watered irrigated field experiences maximum ET:

TH-Tx
ETp- TH-TC’

(Equation 4-7)
where TH and TC are the average of three hot and cold pixels selected for a given scene,
respectively, and Tx is the T pixel value for the given scene. Hence, the actual daily ET from
SSEB is defined as:

argt

ETy-ssep = ETf X ETp 2, (Equation 4-8)

Senay et al. (2011) improved SSEB (SSEBelvi-navi) by applying correction factors to Ts
and NDVI. Later, another modification was made to SSEB (SSEB.p) by upgrading the
uncomplicated method to the energy balance method (Senay et al., 2013). In the present paper,
the Ts enhancement only is considered, and not that for NDVI. The NDVI adjustment formula
underestimated the ET. values for the Gezira Scheme by 80%. In addition, the model
performance is conducted using NDVI values; therefore, SSEBeri is applied in this research in

comparison with SEBAL and METRIC.

4.2.5 MOD16 evapotranspiration

The actual and potential (ET. and ET}) global evapotranspiration MOD16 ET products
(Mu et al., 2011) are used in this comparative study, as the product is now operationally
available. The MOD16 ET datasets are estimated using the improved ET algorithm (Mu et al.,
2011) instead of the previous version (Mu et al., 2007). The ET algorithm is based on the
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Penman—Monteith equation (Monteith, 1964), which is driven by NASA MODIS images (1 km
resolution). The product has been available since 2000 as 8-day, monthly and annual interval
time series data. Additionally, it has been validated with ET measurements all over the world
(Mu et al., 2011; Kim et al., 2012; Velpuri et al., 2013; Ruhoff et al., 2013; Chen et al., 2014).
However, it has not been validated yet at the Gezira Irrigation Scheme. The latest improved
MODIS 16 ET product locally over the Nile River Basin countries is used in this study (NTSG,
2015).

4.2.6 Seasonal ETa extrapolation

The calculated evaporative fraction (i.e. EF, ET:F or ETy,) is considered the FAO crop
factor (kc) to extrapolate the reference crop ET (i.e. ET, or ET;) to daily, monthly or seasonal
levels of ETa (Allen et al., 2002; Allen et al., 2007a). Allen et al. (2007a) mentioned that one
satellite image per month is sufficient to represent an accurate kc curve for seasonal ET,

estimation. Hence, the cumulative ET for any period is calculated as

n
ETperiod = Z[(evapuratwe fraction;) x (retrence ETpcr)] (Equation 4 9)

where ETperiod 1s cumulative ET for a period beginning on day m and ending on day n, the
evaporative fraction;, (EF, ET.F or ETy) is the representative EF for period i, and the reference
ETperiod (i.e. ETo or ET)) is the total reference ET for the defined period m to n. For MOD16,
the seasonal ET is stacked together using the Cell-Statistics tool in ArcGIS 10 (ESRI, 2013),

representing the crop season June—November.

4.2.7 Validation of ET estimates from the models

To evaluate the models for the local conditions, Landsat images are obtained for crop
season 2004/05 to allow comparison with earlier studies by Bashir et al. (2007a, 2007b, 2008).
The authors used water balance (WB) and SEBAL to estimate ET. for sorghum at field scale.
A similar validation approach has been reported by Folhes et al. (2009) and Senay et al. (2011)
by validating their models (METRIC) using previously published studies.

The validation experimental field lies between (14°22'33.10" N, 33°29'50.68" E) and
(14°22'30.98" N, 33°29'49.91" E) in the Gezira Scheme (Bashir, M.A., personal
communication). However, it is worth mentioning herein that the ET study by Bashir et al.
(2007a, 2007b, 2008) used only four Landsat satellite images (July 28, August 29, October 16
and November 17), all from 2004. In this study, additional Landsat images are used (May 25
and December 3) to evaluate the models’ performance at the start and end of the crop stages.

Also, images on August 13 and November 1 are added to enhance temporal monitoring
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resolution. For images captured in August, the cloud cover masking method (Landsat
Handbook, 2007) is utilized to mask the clouds by using the thermal band. In addition, the
image from August 13 is not used for seasonal ET computation, as the cloud cover is distributed
over large areas of the Gezira Scheme. Fortunately, the clouds do not cover the pilot sorghum

experimental field on the mentioned day.

4.3 Results and discussion

4.3.1 Evapotranspiration models validation

4.3.1.1 Daily bases

The comparison of daily ET. measured by the WB method from Bashir et al.
(2007a,2007b, 2008) with daily ET, estimates using SEBAL, METRIC, SSEB and MOD16 for
the sorghum validation site is shown in Table 4-3. The performance of the models differs
substantially. Overall, the SEBAL and SSEB models provided ET. estimates close to the WB
measurements. However, the estimated ETa. using both models exceeded the WB figures (see
also Bashir et al. (2007a, 2007b, 2008)) at the beginning of the sorghum crop season (July 28)
by 59% and 20%, respectively. Yet on May 25, the SSEB model has a low and reasonable ET,
value. The deviation of results from SEBAL could be explained by the overestimation of the
actual ET during the dry season as a result of absence of vegetation cover (El Tahir et al., 2012).
Generally, the two models give estimates that are 42%-59% of the ET from the WB method.
Except for the METRIC and MODI16 models, they overestimated (94%-370%) and
underestimated (26%—79%) the measurements, respectively, not only with respect to the
experimental WB, but also with respect to ET quoted in previously conducted studies (i.e.
Farbrother (1996), Abdelhadi et al. (2000), Ibrahim et al. (2002), Adeeb (2006), Ahmed et al.
(2007), Bashir et al. (2008), and Ahmed et al. (2010)).
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Table 4-3. ET,. (mm/day) obtained from the four Remote Sensing (RS) models compared with
the Water Balance (WB) measurement

WB*

Date () SEBAL Error% METRIC Error% SSEB  Error% MOD16 Error%
mm

May 25, 2004 — 5.16 — 13.32 — 043 L.15 —
Jul. 28, 2004 2.60 4.14 59.23 11.75  351.92 3.13 20.46 1.70  —34.62
Aug. 13, 2004 — 4.27 — 13.05 — 5.49 1.73 —
Aug. 29, 2004 5.90 4.64 2129 14.69  149.01 6.22 5.50 1.83  —69.07
Jan. 1, 2004 7.10 6.93 —2.34 2030 185.98 6.97 —-1.90 1.55 -78.17
Jan. 11,2004 — 5.01 — 12.06 — 4.55 1.54 —
Nov. 11, 2004 3.00 2.60 -—-13.33 5.44 81.22 1.72 —42.69 1.48 —50.83
Dec. 3, 2004 — 2.55 — 10.72 — 0.71 1.35 —
Season 489.00  546.00 11.66 1310.00  167.89 510.00 4.29 298  —39.06

Source: “Bashir et al. (2007a, 2007b, 2008)

The root mean square errors (RMSE) between the ET estimated from SEBAL, SSEB
and the measured values (Table 4-4) are found respectively to be 0.71 mm/day and
1.02 mm/day, compared to 9.24 mm/day and 3.55 mm/day for METRIC and MODI6,
respectively (Table 4-4). The best-fit linear equations with WB are conducted and their
parameters are presented in Table 4-4. SSEB results show the highest coefficient of
determination (R? = 0.90 and p < 0.05) with the equation, followed by SEBAL with an R? value
of 0.71 (insignificant).

Table 4-4. The parameters of best-fit linear equations for the four models at the field and
scheme levels

Level WB’ Field NDVI' Field iNDVI' Scheme
Criterion a b R? RMSE a b R? a b R?
SEBAL 1.04 —-0.10 0.71 1.02 16.14 -0.03 0.86 95.62 188.89 0.77
METRIC 0.31 0.67 0.74 9.24 2886 247 0.38 281.36 391.92 0.80
SSEB 0.84 0.88 0.90 0.71 2322 —2.85 0.93 23438 —477.21 0.75
MOD16 2.19 1.07 0.02 3.55 0371 1.52 0.06 108.58 —83.83 0.81

*WB = a x Model + b; "ETmodel = a X (NDVI or iNDVI) + b

Bastiaanssen et al. (2005) reported that the typical accuracy of SEBAL at field scale is
85% for one day. Although SEBAL and METRIC have the same energy balance method
foundation, METRIC gives higher values than SEBAL. The reason is related to the lower values
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of the calculated ET.inst compared to the instantaneous ETa-meTrIC, Which makes the ETF factor
(Equation 4-5) always greater than one. This may be attributed to the 09:00 GMT climate data
utilized to calculate ETrinst. It is worth mentioning herein that Bashir et al. (2007a, 2007b, 2008)
computed the daily ETa. by the ET:F method. The authors used meteorological data taken at
around 14:00 local time (11:00 GMT), as it is hard to find the actual meteorological data during
satellite overpasses (Bashir, M.A. personal communication). However, Allen et al. (2005)
mentioned that error over- or underestimation from METRIC is mainly based on both
instantaneous and daily ET; estimates. Therefore, METRIC has many constrains to be used in
such areas (e.g. developing countries) do not have hourly climate data. Another reason could
be the vast area covered by the Gezira Scheme. Martin et al. (2013) mentioned that METRIC
can function as an operational model for producing maps of ET for regions smaller than a few
hundred kilometers in scale. In areas where meteorological data are not available, SEBAL has
the advantage of being somewhat independent from such information (SEBAL only needs an
estimation of wind speed at satellite time), and estimation of energy balance components is
pulled from the satellite image (Trezza, 2006). Furthermore, in the northern central United
States, SSEB gave a good ETa estimation result with measured ET from several crop fields
(Senay et al., 2007). Besides, the model estimated ET, within 4% of the measured ET. in another
study in the US (Singh et al., 2014).

On the other hand, the ET, rate from MODI16 is low for the Gezira Scheme (see Table
see Table 4-3), thus confirming earlier results by Mu et al. (2007, 2011) who found that the
estimation of ET. from irrigation areas cannot be well represented by algorithm. In addition,
this result compares well with findings at a basin scale by Yilmaz et al. (2014) on Gezira
Scheme. Our results also show that MOD16 cannot accurately estimate ET. from agricultural

field due to the pixel resolution.

4.3.1.2 Seasonal

Estimation of seasonal ET. from SEBAL, METRIC and SSEB is carried out by
aggregating daily ET. derived from the models proportionally to daily mean reference
evapotranspiration from the Wad Medani station (Equation 4-9). The results show that the
METRIC model simulated the highest seasonal ET. (1310 mm) which is around five times the
lowest seasonal ET, obtained from MOD16 (289 mm). The results obtained from both models
are far from the ET. WB-method estimates (489 mm/season) for a period of 92 days
(August 28—November 27). On the other hand, the SEBAL and SSEB models fairly estimate
the seasonal sorghum ET, as 546 mm/season and 510 mm/season, respectively, with +11.6%

and +4.3% deviation, respectively, from the WB measurements for the same period. It appears
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that much of the SEBAL error occurs on individual image acquisition dates. Bastiaanssen et al.
(2005) reported that SEBAL error is generally randomly distributed and tends to cancel itself
out, and that it also increases to 95% on a seasonal basis.

For the Gezira Scheme, Bashir et al. (2007a, 2007b, 2008) mentioned that the total ET
values over the growing season of irrigated sorghum estimated by RS, FAO kc and experimental
ke, take a range of 642—704 mm. In the present research, SEBAL and SSEB respectively predict
the ET, over the full period of the growing season of irrigated sorghum to be 708 and 676 mm.
The values for SEBAL kc derived during the initial mid-season and late-season crop
development stages are 0.61, 0.97, 1.16, and 0.60, respectively. On the other hand, the values
for the SSEB model during the previously mentioned stages are 0.44, 0.96, 1.17 and 0.40,
respectively. In this case, the values for ke derived from SSEB are close to those estimated by

the WB reported by Bashir et al. (2007a, 2007b, 2008).
4.3.2 Spatial variability of actual evapotranspiration

4.3.2.1 Daily ETa

The daily actual evapotranspiration (ETa24) is computed for 8 days using the four ET
models. The four models showed similar spatial daily patterns but with different magnitudes.
However, SEBAL and SSEB give reasonable values with only minor differences. The simulated
ETa24 maps from the four models are presented in Figure 4-2. The values for SEBAL and SSEB
range from zero to almost 10 mm, with higher values strongly linked to irrigated areas, wetlands
and water. Nevertheless, very low values of ETa24 (< 1 mm for SSEB) correspond to barren
areas. It is observed from daily ET during the rainy season that the semi-arid vegetation (areas
far from the irrigation network) transpirates as the soil moisture is available due to the available
rainfall. METRIC and MOD16 have a similar ET, distribution but with different magnitudes,
as shown in Figure 4-2. On July 28, SEBAL and SSEB showed relatively high ET over the
agricultural fields, although most of the crops are at the initial stage. This could be attributed to
high soil moisture (a substantial amount of rainfall fell one day prior to image acquisition) at
the root zone at the time of the satellite overpass. The presence of cloud cover on the August

18 image smears the daily ET assessment.
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Figure 4-2. Spatial distribution of ETa24 from (a) SEBAL, (b) SSEB (c) METRIC and (d)
MOD16 models across the Gezira Scheme

64



Chapter Four: Determining the optimal approach for ET, estimation

mmlﬁ

0.0 29.91

30.9

mm/d mm/d
32.02

mmida

32.18 18.70 24.40

17-11-2008”

16-10-2003 1-11-2004° 3-12-2004™
ET: Ly
C) METRIC min ._\ max Cloud cover A wsgm
mm/ mmldal
6.68 0.0 751 5.98 0.0 599

25-5-200 28-7-2004

mmiday

0.0

1 .
7.34

{4
16-10-2004%

d) MOD16 min me—— Max

Figure 4-2. (continued)




Chapter Four: Determining the optimal approach for ET, estimation

4.3.2.2 Seasonal ET,

All four models showed similar spatial patterns of seasonal ET, with decreasing ET from

southeast to northeast of the scheme, as displayed in Figure 4-3. The highest ET rates are always

observed on the southern part, which is linked to the fact that the area is close to the water

supply source (Sennar Dam). Also, higher values are noticed in the well-irrigated areas,

especially in the southern and central parts of the scheme, and the water ponds located at the

western edge. Comparing the models’ magnitudes, however, revealed a large difference in ET

estimates. The mean ET of the scheme for the four models takes a range of 222-
1372 mm/season. SEBAL and SSEB ET rates are 522 and 342 mm/season, respectively. Since
METRIC and MOD16 over- and underestimate the ET values spatially and at field level, both

models’ results are used only to give a relative ET distribution in the study area.
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Figure 4-3. Spatial distribution of ET. season from the four models in comparison with the

integrated NDVI (iNDVI)
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For further analysis, the seasonal ET magnitude is extracted from SEBAL and SSEB
outcomes at the administrative level; boundaries are shown in Figure 4-3. Figure 4-4 provides
details of actual seasonal ET in the 2004/05 summer season for each group in the scheme. As
can be seen, the northern groups (Abu Gouta, North West, Huda, North and Wad Habouba)
have the lowest seasonal ET obtained from the two models. Seasonal ET estimated from the
South, Massallamia, Mansi, Wadi Sha’eer, Gamusi, Hosh and Shawal groups (southern and
central) is considered the highest, with more than 550 mm from SEBAL and 375 mm from
SSEB. From the analysis, variation of ET between the different groups has the potential to

identify areas of water stress and waterlogging to improve the WUE of the scheme.
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Figure 4-4. Seasonal ET. and the integrated NDVI for various administrative units of the
Gezira Scheme in the 2004/05 summer season

4.3.3 Models performance evaluation

4.3.3.1 Field level

Studies show (Szilagyi et al., 1998; Duchemin et al., 2006; Mutiga et al., 2010) that the
actual ET is directly proportional to the canopy density, measured as the NDVI, which often
better fits a linear expression.

Figure 4-5 shows the observed relationship between the actual ET from WB and the
four models, and the derived NDVI from Landsat images over the validation experimental field.
The figure illustrates the influence of the presence of crop development on the actual ET.

Results are very similar, especially for the WB method. This results in a high R? value of 0.98
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(p = 0.005), which is related to the good response of crop growth measured by the NDVI and
the actual ET. Among the other RS models, SSEB is good for estimating ET at the field scale.
The resultant ET is directly proportional to NDVI, with an R? value of 0.92. For the SEBAL
and METRIC methods, a positive correlation is noticed, which designates the ability of the
energy balance models to capture top soil moisture in the study area. The variation could be
explained by the energy balance method overestimating the actual ET during the absence of

vegetation cover at the beginning of the season, as mentioned in Section 4.3.1.1.

18
16 ET (METRIC) = 28.863x NDVT+ 2.4661
R?=0.3847 g
14 | ET (SSEB)=23.218xNDVI - 2.8514 2
e R?=0.9277 n -
% 12 |ET(SEBAL)=16.143xNDVI- 0.0335
= R*=(0.8573
g 10 | ET (WB)=21.628x NDVI - 2.3199
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e’ 8 =
] ¥ Water balance
~ ¢ -1 ¢* SEBAL
e B METRIC
4 + SSEB
2 |7 Linear (SSEB)
—-—Linear (SEBAL)
0 — Linear (Water balance)
0 0.1 0.2 0.3 0.4 0.5
NDVI
Figure 4-5. Relationship between ET. from different estimation methods and NDVI for the
sorghum field

4.3.3.2 Scheme level
The mean seasonal ET, values for the most accurate estimation models (SEBAL and
SSEB) for each group in the scheme are also compared with their respective iNDVI values

obtained from the MODIS NDVI product. A good correlation of about = 75% is obtained

(Figure 4-6) for both models. It is observed that ET. values increase with increasing iNDVI
values within the central and southern areas of the scheme (Figure 4-4). However, in the
northern part, ET, values tend to decrease with decreasing iNDVI values. The reason for this
could be that crops are more stable in the southern and central parts because irrigation water is
regularly received in these areas. This is due to its proximity to the Sennar Dam. In the northern

areas, irrigation water decreases and, as a result, reduces the iNDVT1 values. Bashir et al. (2008)
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calculated the seasonal ET by applying the SEBAL algorithm. The authors mentioned that the
northern part has the highest seasonal ET in the whole scheme. They compared the ET. pattern
with a false color composite of MODIS bands 4, 2, and 1 (RGB) for visual validation. They
emphasized that the simple band combination can give a visual impression of the ET.
distribution in the study area. The comparison of one day’s image (instantaneous) with seasonal
ET. (cumulative) might be an ineffective evaluation. Therefore, a closer look for the iINDVI for
the northern part for 2004 (Figure 4-3) is conducted. Compared to the iNDVI and the results
achieved in the current research, Bashir et al. (2008) succeeded in implementing SEBAL at the

field level, but not at scheme level.
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Figure 4-6. The seasonal ET. from the four models against iNDVI for the summer crop season
0f 2004/05

A simple WB for the whole region (RWB) is computed for the scheme for the same
period, assuming that the scheme is closed. Monthly water supply discharge data are obtained
for the main channels (Gezira and Managel) from the former MOIWR office in Wad Medani.
The results obtained are used to validate the ET, derived from RS products. From the RWB
concept, the ET. from RWB (ETa-rws) is partitioned as follows:
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ETa-rwB = P + Rin — Rout = Gr = DW, (Equation 4-10)

where P is total precipitation, which is the monthly rainfall data from Wad Medani station; Ri,
is irrigation discharge; Rou is outflow; Gr is Groundwater recharge; and DW is the change in
water storage. The drainage network does not work properly (Plusquellec, 1990). Hence, no
return flow from excess irrigation water is reused. Additionally, the Gezira aquifer annual
recharge is estimated to be 0.6 BCM (Abdo and Salih, 2012). Hence, Roy is assumed to be zero,
and the Gr is 0.6 BCM (i.e. no actual measurements). Total irrigation volume is measured as
5.26 BCM, and the total rainfall is 0.6 BCM. Therefore, the seasonal mean ET, (from Equation
4-10) equals approximately 5.26 BCM for the summer crop season of 2004/05. The value is
compared with the four models, as shown in Figure 4-7. The results reveal that the two models
SSEB (4.65 BCM) and MOD16 (3.77 BCM) produced results less than the estimated value.
SEBAL and METRIC yielded total ET,’s of, respectively, 7.1 BCM and 18.1 BCM, more than
the total supply from irrigation and rainfall. The results obtained show a close estimation on a

large scale between ET, values obtained from SSEB (RS) and those from the RWB approach.

18.1
ETa in billion cubic meters (BCM)
71
5.8
4.65
377
Water balance SEBAL SSEB METRIC MOD16

Figure 4-7. Comparison of estimated actual evpaotranspiration (ET,) results from the four
remotely sensed (RS) models and the calclated ET, from the regional water balance (RWB)

4.3.4 Best-performing model

The selection of the best-performing model as followed by Allen (1996) and Elagib and
Mansel (2000b) is based on the correlation coefficient (R?), the linear equation parameters (a
and b) and the Root Mean Square Error (RMSE). These measures are evaluated at the field level
from the WB measurements and NDVI, and at the scheme level from the iNDVI. The measures
of the four models are compared to establish a ranking (of sorts) assigned to each criterion (i.e.
the one achieving the highest performance takes number 4, and the lowest, number 1). Later,

the sum of the rankings, (i.e. the score) is adopted; hence, the best model is the one having the
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highest score. Table 4-5 shows the given scores for each performance criterion, and the ranking

of the total scores for the four models.

Table 4-5. Sum of scores for the four models according to each performance criterion

Level WB Field NDVI Field iNDVI Scheme
Criterion a b R? RMSE ‘ET=0 R? 'ET=0 R? Seore
SEBAL 4 4 2 3 2 3 2 2 22
METRIC 2 2 3 1 1 2 1 3 15
SSEB 3 3 4 4 4 4 4 1 27
MOD16 1 1 1 2 3 I 3 4 16

Note: 1) ®ET = 0 for bare soil when NDVI = 0.1; iNDVI = 1.5 as observed from the current research.

2) For best method performance, the constant a and slope b of a linear regression should tend to
1 and 0, respectively.

The total scores illustrate that SSEB is considered the best model among those compared
for estimating ET,, followed by SEBAL. At the field level, SSEB and SEBAL scored equally
for the WB measurements. Nevertheless, SSEB is attained to practically estimate ET, in the

absence of vegetation cover at field level (NDVI = 0.1). Still, the model responds well at the

scheme level. Despite the fact that MOD16 has higher performance at large-scale level, the
model cannot be used at the field scale, which might be related to the pixel resolution as
mentioned earlier. In addition to the good performance score, SSEB has a potential for

operational application and requires less application time compared to the complex models.

4.4 Conclusions

The main aim of this study is to test different satellite-based methodologies to obtain
reliable evapotranspiration rates for the Gezira Scheme. The first two models, SEBAL and
METRIC, are based on the resolution of the surface energy balance. This approach requires Ts
for estimating the sensible heat flux (H), and obtaining the ET, as a residual of the energy
balance. SSEB, the third model, uses only Ts to obtain the crop coefficients, then upgrades the
FAO reference ET adjust to compute ET,. Lastly, the ET global MODIS data (MOD16A2) is
also used here as a comparison model with the soil WB approach. The results are validated
using a published study at field scale during the summer crop season of 2004/05. The three
models’ outputs have spatial resolution of 30 m, the resolution of Landsat ETM+ satellite
images, while the spatial resolution of the MOD16 ET product is 1000 m. The models’
performance differed substantially. In order to select the best-performing model, four measures

are evaluated: the correlation coefficient (R?), the regression coefficients of the linear equation
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and the Root Mean Square Error (RMSE), and the WB magnitudes. Based on ranking criteria,
SSEB gives the best performance in terms of ET rate estimation, followed by SEBAL. Among
the two applied surface energy balance models, the METRIC model has a lower degree of
physical realism that the SEBAL model, while requiring similar input information. This is due
to the lower calculated values of instantaneous ET,, which might be linked to the observed data.
In addition, the MOD16 ET has the lowest score of the ranking list.

The SEBAL and SSEB models provided ET. estimates close to the actual WB
measurements with the highest coefficient of determination for SSEB (R? = 0.90), followed by
SEBAL with an R? value of 0.71. Except for the METRIC and MODI16 models, they
overestimated (94%—-370%) and underestimated (26%—79%) the measurements, respectively,
not only with the experimental measurements, but also compared to previously conducted
studies. In addition, the estimated daily ET, values for the sorghum experimental field compared
relatively well with the corresponding NDVTI.

All four models showed similar spatial daily patterns of ET at the scheme with different
values. The mean seasonal ET. values for the most accurate models (SEBAL and SSEB) for
each group in the scheme are also compared with their respective iNDVI values. A good

correlation of about =75% is obtained for both models. The variation of ET among the different

groups has the potential to identify areas of water stress and waterlogging to improve the WUE
of the scheme. SSEB is fairly seen a suitable operational ET. model for the scheme, as it also

has the potential for more operational applications compared to the others.
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CHAPTER FIVE

MONITORING WATER ABSTRACTION FROM LARGE-
SCALE IRRIGATION SCHEMES

5.1 Introduction

Traditional i rrigation agriculture i n S udan i s n ow facing a bi g ¢ hallenge; he nce
irrigation managers ou ght to de velop water-saving irrigation for sustainable water use. The
Gezira Irrigation Scheme is located in a typical arid region (Elagib et al., 2010) with a 50-year
average annual p recipitation of 30 Omm and a50 -year meanannua 1 reference
evapotranspiration ( ET,) of about 222 1 mm. Accordingly, ir rigation ise ssential f or
agriculture, as precipitation is far less than CWR. The annual average water diversion to the
scheme from the Blue Nileis 67 BCM (1970-2012). A s s tated e arlier in C hapter T hree,
irrigation w ater efficiency within t he s cheme h as de clined s ignificantly s ince 1993/ 94. In
addition, t he i rrigation and dr ainage ne tworks are not w orking properly, w hich further
exacerbates the water distribution problem in the scheme (Plusquellec, 1990; Ahmed, 2009).

Crop pr oduction is less t han expected from the s cheme, dueto frequent dr ought,
inefficient ir rigation infrastructure and inconsistenta gricultural pol icies ( FAO, 2011;
Mahgoub, 2014). The Sudanese government has conducted several reforms and actions in the
scheme by changing the agricultural crops and increasing water diversion from the Blue Nile.
It is believed that these water policies have an impact on the reported water wastage in the
Gezira Scheme. Actual evapotranspiration (ET,) is a major component of WB in agricultural
systems (Bastiaanssen et al., 2005). Understanding the spatial and temporal variability of ET,
is important to tackling water wastage. In the Gezira Scheme, ET, estimates using RS have
been ¢ arried out for the w inter ¢ rop s eason of 2001 ( Bashire ta 1.,2007a , 2007b,
2009a, 2009b, 2009c; Ahmed et al., 2010), for the summer crop season of 2002 (Bashir et al.,
2007a, 2007b), for the summer crop season of 2004 (Bashir et al., 2007¢, 2008), for whole of
2006 ( EIT ahire ta 1.,2012) a nd fort he summer a nd w inter ¢ rop s easons of 2007
(Thiruvarudchelvan, 201 0; Mohamed et al., 2011). The studies focused on specific farms or
administrative units to determine the crop coefficient, where used to validate the estimates at
the regional scale (Bashir et al., 2007c, 2008). El Tahir et al. (2012) compared the estimated
ET, using an RS technique with a modified Thornthwaite WB method for the whole of the
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Blue Nile Basin (including the Gezira S cheme). D espite this extensive w ork, t he r egional
long-term analysis of ET, assessment has not yet been conducted for the scheme.

As the G ezira S cheme cove rs a va st a real acking an actual w ater c onsumption
monitoring s ystem, it be comes impe rative to de velop as uitable tool f or moni toring
agricultural w ater use. In addition, there is a particular need of ET, time series e valuation
under cha nging w ater u se s trategies f or be tter w ater r esource m anagement. This r equires
evaluation of water policy reforms during past years, as well as further decision support. In
this research, the Simplified Surface Energy B alance (SSEB) (Senay et al., 2007) model is
applied t o t he G ezira Irrigation S cheme f or m apping i ts evapotranspiration f or t he ¢ rop
summer and winter seasons of 2000-2014. The main objective of this chapter is summarized
as moni toring water a bstraction from the large-scale Gezira Irrigation S cheme us ing RS

techniques.

5.2 Material and methods

5.2.1 Agricultural water policies for the Gezira Scheme

The Gezira Scheme has evolved through six water policies of distinct and changing
phases, as summarized in Figure 5-1. In the first phase, cotton was the only crop that was
grown w hen t he pr oject was established ( 1925-1960). D uring t his pe riod, i t w as f ully
controlled and fully financed by the cotton company and the government, and farmers were
just tenants obe ying or ders ( Adam e ta 1., 2002) . Irrigation was ef ficient, as ir rigation
managers proposed a night-storage irrigation system which was strictly applied (Plusquellec,
1990). Later, i nt he s econd pha se ( 1961-1980), the or iginal ar ea w as ex tended to the
southwest to include the M anagel e xtension ( Eldaw, 2004) . O ther proposed crops, such as
wheat, g roundnuts and s orghum, became important c rops in addition to cotton. The ni ght
irrigation s ystem c ollapsed ( Farbrother, 1996 ), but funds w ere still provided byt he
government (Adam et al., 2002).

In the third phase (1981-1990), a water ch arge policy was introduced for the first
time, and tenants were required to pay for irrigation services. However, cost recovery w as
low, and the government failed to carry out maintenance (Adam et al., 2002). Funds became
insufficient to finance the operation and maintenance costs; therefore, the removal of silt from
the irrigation channels became an insurmountable challenge (Plusquellec, 2002). Due to lack
of financial resources, the Ministry of Irrigation (MOI) was not able to cope with the removal
of silt and clearance of weed. Asar esult, there was a de crease in the instability of crop

production (e.g. groundnut (Elamin et al., 2011)), and the average cotton yields decreased and
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underwent heavy fluctuations (Eldaw, 2004). In addition, the water policy of the 1980s was
aggravated b y d rought ( Elagibe t al.,2010) . M any r easons, i ncluding t he government
liberalization policy (Guvele, 2001; Elamin etal., 2011), led to inefficient land use, w hich
caused instability in the main crop areas during that era.

In 1991, t he economic liberalization policy w as int roduced, and the g overnment
slipped away from financing t he s cheme ( Adam e tal., 2002) . T he po licy i ncluded price
liberalization, privatization and removal of government subsidies. E ldaw (2004) m entioned
that the a dopted policy was meant to enhance t he pr oductive capacity of'the a gricultural
sector. H owever, t he r esponse f rom t he a gricultural s ector i n t erms of pr oductivity was
insufficient (Elamin et al., 2011). Economic liberalization had lasted eight years before the
fifth phase started in 1999 with a m ajor c hange in the institutional a rrangement for w ater
management (Abdelhadi et al., 2004). The responsibility for the irrigation channel system was
distributed among three different stakeholders (Adam et al., 2002). Tenants were involved in
operating and maintaining ditches irrigating their fields. F or minor channels, Sudan Gezira
Board ( SGB) a gricultural e ngineers t ook r esponsibility for operating and maintaining
irrigation channels. Ahmed (2009) mentioned that, in this period, the irrigation system in the
scheme e xperienced s erious de terioration t hroughout i ts 1 ong hi story, duet ol ack of
experience on the part of both Tenants and the SGB in operating and maintaining irrigation
channels.

In 2003, Water Users’ Associations (WUASs) were established throughout the scheme
(Abdelhadi et al., 2004; World Bank, 2010). The aim was to achieve optimum utilization of
available w ater t hrough a pa rticipatory process. It was an initial s tep toward handing full
responsibility to tenants. Therefore, in 2005, the Sudanese government endorsed the Irrigation
Management T ransfer (IMT) con cept, as m entioned i n W orld B ank ( 2000). T he t enants
became farmers ow ning their land, fully responsible for any op eration and maintenance of
ditches and minor cha nnels. Yett he f armers ha d a free choi ce of w hich crop to g row
(Woldegebriel, 2011). In addition, the SGB was excluded from operating and maintaining the
irrigation channels, and the r esponsibility passed to the M OIWR (Abdelhadietal., 2004;
Ahmed, 2009) . H owever, responsibility for irrigation was transferred once againtot he
Ministry of A griculture, Livestock and Irrigation (formerly the M inistry of A griculture) in
2010, after the expansion of the MOIWR as the Ministry of Water Resources and Electricity
(MWRE) (MWRE, 2014; KRT, 2014).
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Figure 5-1. Summary of distinct and changing phases of water policy in the Gezira Scheme

5.2.2 Historical RS-based ET estimates at the Gezira Scheme

Bashir et al. (2007a, 2007b) estimated the daily ET, for the Gezira irrigated scheme
using the SEBAL m odel. Five Landsat7 ETM+ i mages w ere ut ilized (September and
December 2001; and September, October and November 2002). The model has been validated
for sorghum at the field scale using a soil moisture depletion method provided by Abdelhadi
et al. (2000).

Bashir et al., (2007c) used the same method to examine the seasonal changes in crop
coefficients (kc) and seasonal water requirements for sorghum during the summer crop season
of 2004. T he validation was undertaken for an experimental sorghum field (30 x 90 m) by
comparing t he ET, from S EBAL with va lues derived by the WB m ethod. A Ithough t he
authors used four ETM+ satellite images (July 28, August 29, October 16 and November 17),
no gap-filling method has been reported. This implies that the model was limited to a specific
part of the s cene ( field scale) and not va lid for t he w hole s cheme. However, the s patial
resolution (30 m) of the ETM+ data allows the estimation of ET, on the scale of individual
agricultural fields. Later, Bashir et al. (2008) combined seven MODIS satellite images with
the ETM+ images used in 2004, r epresenting the summer crop season, to estimate the daily,
monthly and seasonal ET, not only for the field, but also for the whole scheme. The authors
validated the daily ET, estimated by SEBAL from MODIS data with the daily ET, calculated
by the WB m ethod. They found t hat M ODIS da ta c an pr edictt he ET 1 osses fromt he
agricultural field accurately to within 0.9 mm/d. It is doubtful that the field measurements can

be reliably evaluated by M ODIS, due to the restriction of the c oarse s patial resolutions (=

1000 m). However, the study did not refer to any downscaling methods to enhance the spatial

resolution of MODIS. At the scheme level, the authors illustrated the spatial distribution for
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the s easonal E T, and f ound t hat t he nor thern part ha s t he hi ghest s easonal E T, values.
However, a s di scussed e arlieri n S ection 4. 3.3.2, B ashire ta 1. (2008) s ucceeded in
implementing SEBAL at field level but not at scheme level.

Bashir et al. (2009a, 2009¢) quantified the water demand of different minor channels
in one administrative group ( Abdelhakam block) at the s cheme using four Landsat E TM+
images. A Ithough t he s tudy w as ¢ onducted for t he w inter w heat crop of 2001/02, t he
validation was presented for the sorghum summer crop (2001, 2002 and 2004) conducted by
Bashir et al.(2007a, 2007b) and B ashir et al. (2008). A fterward, Bashir et al. (2009b) and
Ahmed et al. (2010) added eight MODIS images to the earlier season and mentioned that the
validation was retrieved from WB to wheat at the Gezira Research Station (GRS). The latter
publication introduced three sites in the Gezira Scheme representing the GRS research field,
farmers’ fields at Abdelhakam block and ordinary farmers’ fields (Madina block) to estimate
the spatial ET, crop yield and water productivity of wheat. The authors used the downscaling
technique to enhance the spatial and temporal resolution at the field scale.

Thiruvarudchelvan ( 2010) a nd M ohamed e ta 1. (2011) ut ilized RS techniques to
calculate the irrigation performance indicators at four pilot administrative sites, and the whole
Gezira Scheme for the annual crop season of 2007/08 (September 2007—March 2008). The ET
maps were adapted from the Waterwatch (Waterwatch, 2014) study of the Nile Basin (IWMI
et al., 2009). The mentioned study used the ETLook model to calculate the ET, every eight
days using MODIS satellite images from 2007. One of the limitations of the study was the
lack of ET, for January—March 2008 (the authors used the corresponding months from 2007).
Although they verified the a ssumption by comparing the c limatic conditions at the Wad
Medani station and found negligible differences between the two years, climatic conditions
are not the only factors affecting E T,. The a ssumption m eans t hat du ring t he m entioned
months, t he Gezira S cheme ha s the s ame crop pa ttern w ith the cor responding areas and
distribution. A nother obs erved | imitation is that the s tudies di d not a nalyze J une—August

2007, due to cloud cover in the satellite images.

5.2.3 SSEB model

SSEB ( the Simplified Surface Energy Balance model) (Senaye t al., 2007) i s
addressed in the c urrentr esearch. S SEBi sba sedon RS datai n integration with
meteorological data for deriving E T, maps. T he m odel i s not a s ophisticated one , w hich
makes it operationally more applicable. Senay et al. (2007) developed and implemented the

SSEB m odel t o m onitor a nd a ssess irrigation p erformance of a large irrigation district in
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Afghanistan. B esides, t he m odel w as e valuated and ga ve c omparable r esults a mong ot her
remotely sensed ET models, as presented in Chapter Four.

SSEB appr oaches s tating t hat E T, varies |l inearly be tween hot and cold pixels are
identified by T. The simplification is manifest in using T to drive the ET fraction (ETy) based
on hot and cold pixels. Senay et al. (2007) argue that the hot pixel of a bare agricultural area
experiences little or no ET, while the cold pixel of a well-watered irrigated field experiences

the maximum ET,. Hence, ET¢ is calculated from the following equation:

TH-Tx

ETe
f=TH-TC’

(Equation 5-1)

where TH and TC are the average of three hot and cold pixels selected for a g iven scene,
respectively, and Tx isthe T pixel value for the s ame s cene. E T alone is cons idered a
drought risk index, which was implemented by Son et al. (2012) for evaluating the surface
moisture c ontent. ETy is also similar to the Crop Water Stress Index (CWSI) presented by
Moran (2004), which is utilized to evaluate and monitor plant ecosystem health. Tang and Li
(2014) m entioned t hatt he E Tf index is av ery close appr oximation to soil moisture
availability. T he l1ower E T¢ value indicates w ater de ficit, w hich w ould r educe transpiration
and lead to the rise of surface t emperature, while r elative 1 ow t emperature s tands for t he
normal healthy ve getation or water ponds (Wu et al., 2013). The combination of this index
and t he meteorological conditions byt he da ily r eference eva potranspiration gives us eful
spatial monitoring information for the scheme (Allen et al., 2007a, 2007b; Senay et al., 2011).
Hence, the actual daily ET based on SSEB is defined as

ETa—SSEB = ETf X k % ETO , (Equation 5-2)

where ETy is as defined above, ET, is the grass reference evapotranspiration and k is a scaling
coefficient based on calibration suggested by Senay et al. (2013). In this research, the value of
k is taken as 1.2; it is recommended in many studies (e.g. Allen et al., 2007a, 2007b; Senay et
al., 2013) to use alfalfa reference ET evapotranspiration (1.20 x ET,). ET, is cal culated as
mentioned in Chapter Three.

As mentioned in Chapter Four, Senay et al. (2011) improved SSEB (SSEBcyi-navi) by
applying correction factors to T, and NDVI. Later, another modification was implemented to
SSEB ( SSEB,p) b y up grading t he un complicated m ethod t o t he e nergy balance m ethod
(Senay etal., 2013). Inthis C hapter, t he or iginal S SEB m odel ¢ oncept i s i mplemented.
Neither enhancements from Ts nor NDVI are considered. The Gezira Scheme is located in a

flat area; hence, the difference in elevations can be ne glected for T calculations. Also, the
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NDVIa djustment f ormula unde restimated the E T, valuesf ort he G eziraS cheme.
Furthermore, the model performance is conducted using NDVI values. Finally, the seasonal

ET from SSEB is calculated according to Section 4.2.6.
5.2.4 Source of data

5.2.4.1 Remote sensing

To run the SSEB model, the T product is needed. Landsat satellite images are used in
this s tudy be cause of their high s patial r esolution ( 30 m). The T hematic M apper ( TM)
(Landsat 5), ETM+ (Landsat 7) and Landsat 8 (since May 2013) images are downloaded from
the USGS Global Visualization (GloVis) website (USGS, 2014). The Landsat tile (path: 173
and row: 50) is used, which fortunately covers around 94% of the total Gezira area. Although
Landsat data would be adequate for this study, the temporal frequency (16-day) and cloud
cover are limiting factors to obtaining images for the summer crop season. Therefore, MODIS
T products of 8-day composite (MOD11A2) are downloaded and used, as recommended by
Senay et al. (2007). Still, the ¢ loud cover dur ing t he r ainy m onths ( June—August) limits
selection of appropriate images from the MOD11A2 product. Consequently, the daily MODIS
Ts (MODI11AT) productisusedinthe absence of MODI11A2 data during the three rainy
months. B oth M OD11A1 and M OD11A2 h ave a s patial r esolution of 100 0 m and are
downloaded from the NASA data center (Mitchell, 2014). Images of the Gezira Scheme with
cloud cover< 1% for Landsat products and& 5% for MODIS are obtine d for 2000-2014,
from the end of May to the beginning of April the year after, as listed in Table 5-1 for the

summer crop season, and in Table 5-2 for the winter crop season.

79



Chapter Five: Monitoring water abstraction from agricultural areas

Table 5-1. The day of year of the used Landsat and Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite images for the summer crop season

Sensor/Year Landsat MOD11A2 MOD11A1

2000 183, 311 169, 265, 289 155, 162, 174,
217, 328, 244

2001 249 161, 193, 241 —

2002 268 161, 177,257, 289, 313 158, 175, 211,
218,213

2003 271,319 193, 289 —

2004 146, 210, 242, 290, — —

306

2005 148, 292, 308 209, 225, 265 —

2006 151, 231, 279, 311 201, 265 174, 187, 208

2007 266, 282 225,313 168, 201

2008 165, 269, 301, 317 — 206

2009 287,311 161, 225, 265 153,177, 191,
211,223, 230, 239

2010 314 161, 185, 225, 265, 289 187, 203, 210,
219, 226, 242

2011 189, 253, 293, 309 265 154, 160, 176,
179, 220, 229, 234

2012 280 257,265,273, 289, 297, 154, 161, 170,

313, 321 186, 195, 209,

218, 230, 243

2013 258, 298 265,273, 281, 289, 297, 154,167,177,

313,321 183, 193, 207, 234
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Table 5-2. The day of year of the used Landsat and Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite images for the winter crop season

Sensor/Season Landsat MODI11A2 MODI11A1
2000/01 41 353, 25, 81 —
2001/02 345,12,76 49 —
2002/03 — 353,17,49, 73 —
2003/04 50, 62, 88 361,25 —
2004/05 361, 4, 36, 52, 68, 84, 89 — —
2005/06 340, 356, 7, 23,55,71,89 — —
2006/07 343, 359, 10, 26, 49, 81 — —
2007/08 346, 13,45, 77 — —
2008/09 15,47,79 353 —
2009/10 343, 10, 26, 34, 50, 66 — —
2010/11 362 337,17,49, 73 —
2011/12 341, 357, 24, 40, 72, 88 — —
2012/13 344, 360, 10, 26, 42, 58, 73 —
90
2013/14 338,354,5,37,53,77,85 25 —

Bimonthly NDVI data of 250 m resolution (MOD13Q1 data product) are obtained for
January 2000 —April 2014 f rom the Oak R idge N ational Laboratory Distributed Active
Archive Center (ORNL DAAC, 2011) in GeoTIFF format.

5.2.4.2 Ground-observed data

Daily and m onthly m eteorological da ta ( maximum a nd minimum a ir te mperature,
sunshine hour s, w ind speed and air humidity) arep rocured f or the Wad Medani
meteorological s tation (14°24'0.00"N, 33°28 '48.00"E) f romt he S udan Meteorological
Authority for 2000-2012. Post-2012 data are acquired from the National Climatic Data Center
(2014), and daily data are obtained for the used satellite image dates listed in Table 5-1 and
Table 5-2. In addition, data for monthly rainfall and irrigation water supply through the main

channels (Gezira and Managel) are available for the same period.
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5.2.4.3 Data preparation

The ETM+ data has an error caused by SLC failure after May 2003. Every scene has
22% missing pixels occurring in a repeating along-scan stripe pattern (Chen et al., 2011). To
obtain ¢ omplete ¢ overage, a pr e-process ga p-filling processis applied using t he ne arest-
neighbor statistical method, a similara pproach ast hat used for Evapotranspiration
(2011a, 2011b). Landsat bands 1-7 and 61 (low-gain, ETM+) are used in this study. The DN
of each band is converted to reflectivity by applying the Landsat Handbook (2007) equations.
T, from Landsat images is calculated based on the Landsat Handbook (2007) from the thermal
bands (Band 6 for TM, and Band 61 for ETM+). For Landsat 8, T is calculated from the
thermal ba nd ( Band 10) a fter r adiance ¢ onversion f ollowing t he m ethodology of U SGS
(2013). Afterward, the NDVI is derived from the reflectivity-corrected red and near-infrared
bands.

The Gezira area is extracted later from Landsat and MODIS tiles using the Extract-by-
Mask t ool i n the ArcGIS 10 s oftware ( ESRI, 2013) . F inally, t he e xtracted i mages a re
projected i nto P rojected C oordinate S ystem w ith U niversal T ransverse M ercator ( UTM)
WGS84 datum so that all pixels in the study area have equal size, thereby making pixel-level

analysis easier.

5.2.5 SSEB model performance evaluation

In many studies, the RS estimation of ET, is tested against in sifu measurements or
catchment WB models (Bastiaanssen et al., 1998b; Allen et al., 2007b; Bashir et al., 2007 c,
2008; Yang et al., 2012). In the present study, two scales (field and regional) are adopted to
examine the performance of the SSEB model. At the field scale, ET values from the SSEB
model m atch the m easured E T from WB for the s orghum experimental field in 2 004, as
presented in Chapter Four. At the regional scale, the total ET estimated by SSEB for summer
(June—November) and winter ( December—March) for 2000-2012 is tested with a Regional

Water Balance (RWB) model, as described by the following equation:
ETrws =P + Rin = Rout = Gr = DW, (Equation 5-3)

where ETrws is the total ET calculated by an RWB model; P and Rj, are the total rainfall and
total water diversion from the Blue Nile, respectively; and Ry is the total outflow. Gr is the
rate of groundwater recharge, and DW is the annual variation of soil moisture storage. The
drainage n etwork does not work properly (Plusquellec, 1990). Hence, no return flow from

excess irrigation water is reused. Besides, the Gezira aquifer annual recharge is estimated to
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be 0.6 BCM (Abdo and Salih, 2012). Therefore, R,y is assumed to be zero, and Gr, 0.6 BCM

(i.e. no actual measurements).

5.3 Results and discussion

5.3.1 Model performance evaluation

The comparison between seasonal ET by the SSEB and RWB models for the summer
and winter crop seasons are shown in Figure 5-2 and Figure 5-3. As can be seen, the growing
season ET estimated by SSEB for both summer and winter crop seasons generally has the
same trend, but does not agree with the output of the RWB model. This could be attributed to
inaccurate ETrwp calculation, which is based on assumptions, not records, especially for the
water losses (—Gr and £DW). Theoretically, the calculation of ETrwg in this study represents
the total water supply (P and Ri,) reduced by a constant value (Gr = 0.6 BCM).

For the summer crop season, ETssgp has a positive trend with ETrwg through a linear
equation (R* = 0.25; p = 0.048) and is not in good agreement, which is mainly due to the large
discrepancy in 2009. It is remarkable that in July 2009 the total seasonal rainfall was recorded
as 342 mm, which must be regarded as of doubtful significance, as the recorded average for
that month is 87 mm (51 years). If the value for this year is removed, then R? significantly
improves to 0.55 (p = 0.0028). On the other hand, ETssgg for winter has a be tter agreement
with ETrwg than the summer season. R? between the two variables has a value of 0.83, with p
less than 0.0001. However, in many years (2000/01-2002/03, 2005/06, 2010/11 and 2011/12),
ETssep over estimates E Trws, which could be related to a wrongly assumed DW (the annual
variation), as water could be available from the summer season (rain or irrigation). However,
one of the limitations faced in this research is a lack of validation data at the regional scale for
a long period. Therefore, the assessment focuses on the spatial distribution and trends rather

than the absolute values.
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Figure 5-2. Comparison of seasonal ET by SSEB to ET from the Regional Water Balance
(RWB) model for the summer crop season
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Figure 5-3. Comparison of seasonal ET by SSEB to ET from the Regional Water Balance
(RWB) model for the winter crop season
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5.3.2 The scheme level

5.3.2.1 Spatio-temporal assessment

RS isa pow erful m anagement t ool w hich p rovides s ystem-wide an d spatially
distributed i nformation. T he c ollected i nformation s upports the ide ntification of drought
areas, which can help to conserve water, and later has a role in improving efficiencies and
water productivity. The estimated ET from RS scenes has the ability to describe the spatial
variation of consumed water over vast areas. T he spatial pattern of the summer and winter
crop season ET,’s for the simulated years (2000-2014) for the study area are illustrated in
Figure 5-4 and Figure 5-5, respectively. Generally, the seasonal ET, for the Gezira Scheme is
higher in the southern and central parts, and 1ower in the northern p art during the summer
crop season. The reason could be that the southern and central areas are closer to the main
water supply source (Sennar Dam), which also indicates that the irrigation network failed to
convey sufficient water to the northern part in this particular season. This may be attributed to
the e normous a mount o f s ediment e ntering the scheme dur ing t his s eason. A hmed ( 2009)
mentioned that the sediment impounds water in the channels, causing flooding in some areas
of the scheme and drought in others. However, the seasonal summer ET values range from
less than 150 mm to over 1350 mm, with the lowest mean seasonal ET occurring in 2000, and
highest, in 2012. The lower ET values (< 150 mm) occur over the villages and bare soil areas,
while the highest rate of ET (> 750 mm) is observed over well-irrigated agriculture and water
bodies (water ponds and irrigation channels). For the winter crop season, it is clear that ET, is
equally distributed throughout the scheme. This indicates that the scheme receives sufficient
irrigation water during this season, which could be contributed to by the fact that wheat and
end-stage cotton (low water demand) are cultivated over almost the whole land.

The power of a pplying S SEB, e ven w ithout c alibration, is tha t the s atellite da ta,
through E Ty, are ideally suited for spatially deriving w ater-stressed areas, where eva luating
the surface moisture content. Then, the use of a reference ET for the assessments establishes a
ground reference and reality of climatic conditions representing atmospheric water demand.
Therefore, the cu rrent a ssessment doe s not t ake into a ccount absolute va lues r ather t han

spatial distribution and trends.
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Figure 5-4. Spatio-temporal distribution of seasonal ET estimated by SSEB with a 30 m
downscaled pixel resolution for the summer crop season (June—November)
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Figure 5-5. Spatio-temporal distribution of seasonal ET estimated by SSEB with a 30 m
downscaled pixel resolution for the winter crop season (December—March)
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NDVIis widely us ed t o i1 dentify v egetation ¢ over and crop pr oduction. A linear
relationship be tween N DVI and agricultural yield is always found (Pettorelli et al., 2005;
Pandaetal., 2010 ). Hill a nd D onald ( 2003) founda g ood spatio-temporal relationship
between total agricultural production and the integrated NDVI (iNDVI) for eight years in
Western Australia. Besides, NDVI data is possibly utilized for the 1and surface response to
water variability and identification of drought areas (Kogan, 1995; A nyamba and Tucker,
2005). Hence, NDVIis considered another good indicator for eva luating water policies in
terms of crop productivity: the greater is iNDVI, the hi gher is production. Figure 5-6 and
Figure 5-7 respectively show t he s patio-temporal distribution of i NDVI for the Gezira
Scheme for the summer and winter crop seasons. The well-irrigated areas with higher iNDVI
are usually close to the main irrigation channels and southern areas (during the summer crop
season), similarly to the ET distribution. For instance, the irrigated areas close to the Sennar

Dam reach a seasonal ET of up to 900 mm, with iNDVI = 8.0, while the ET value is less than

450 mm in most of the a gricultural areas at th e nor thern p art. A hmed and Ismail (2008)
reported that sediment removal from the channels, especially in 1999, impacted negatively on
the equity of water distribution throughout the Scheme, which is considered one of the major
problems of the system. This caused lower production, mainly for fields at the tails of the

channels (FAO, 2011).
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Figure 5-6. Spatio-temporal distribution of integrated NDVI (iNDVI) for the summer crop
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Figure 5-7. Spatio-temporal distribution of integrated NDVI (iNDVI) for the winter crop
season
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The ¢ ombination of ET, and i NDVIm aps p rovidesa good m onitoring t ool for
identifying water depressions. Many water ponds are observed, which implies water wastage
at the scheme. Such depressions can be easily identified, where a high ET is noticed from the
irregular shape of large areas, and validated by a lower iNDVI value. It is well known that
negative values of NDVI correspond to water (Pettorelli et al., 2005). Therefore, the MODIS
NDVIdataisusedto classify water areas at the scheme. A closer look at the depressions
classified for 2007 is shown in Figure 5-8. The reason for presenting this particular yearis
that t here ar e m any more obs erved water pond s than in other years. Most of these w ater
depressions are found close to the main irrigation c hannels, and are of irregular s hape. A

cross-check using estimated ET confirmed that these areas have high ET values.
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Figure 5-8. Identifying water depressions through main channels of the Managel channel in
the 2007 summer crop season

5.3.2.2 Model performance by ET,—NDVI relationship

Studies show (Szilagyi et al., 1998; Duchemin et al., 2006; Mutiga et al., 2010) that
actual ET is directly proportional to canopy density, measured as NDVI, which often has a
better fit with a linear expression. To further investigate the model performance in the region,

ET, over e ach pixel is plotted a gainst the integrated NDVI (i NDVI) for the summer a nd
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winter crop seasons, respectively, in Figure 5-9 and Figure 5-10. iNDVI is deduced from the
MODIS bimonthly NDVI data (MOD13Q1) to compare it with the seasonal ET, from SSEB.
The total area of the Gezira Scheme is masked to include every type of land use within the
scheme from the irrigated farms, bare soil and water bonds. For the comparison, all ET, and
iNDVId ata cellsin this focus area are sampled to 100 0 m resolution using the Zonal-
Statistics-As-Table tool in the ArcGIS software (ESRI, 2013).

The ET, results from SSEB are compared to the iNDVI by applying a linear regression
to examine the correlation between the two datasets. As can be seen from Figure 5-9 and
Figure 5-10, ET, and iNDVI are positively correlated, and R? values take the range 0.35-0.76
for s ummer, and 0.51 —0.80 f or w inter, with a very hi gh s ignificance level (p=0.0). In
general, the result indicates a satisfactory spatial and temporal relationship between the two
datasets. The particularly low correlation of the 2007 summer crop season can be ex plained
by the observation of many water depressions across the scheme (Figure 5-8). Lower iNDVI
values have a higher seasonal ET, which biases the linear equation. This indicates that the

SSEB model is sensitive to the soil moisture for ET, estimation.
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Figure 5-9. Relationship between total summer crop season ET, estimated by the SSEB
model, and integrated NDVI (iNDVI) based on pixel-by-pixel
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Figure 5-10. Relationship between total winter crop season ET, estimated by the SSEB
model, and integrated NDVI (iNDVI) based on pixel-by-pixel
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5.3.2.3 Monitoring water diversion

NDVIis commonly used in assessing the impacts of drought in agricultural areas and
understanding the crop response to water availability (Kogan, 1995; Kogan, 1997; Wan et al.,
2004). Therefore, the regression analysis is carried out in this study to relate the cumulative
monthly irrigation water supply from the Sennar Dam with the integrated NDVI (iNDVI). For
2000-2012, the spatial average values of the integrated monthly MODIS NDVI (iNDVI) for
cropped areas in the Gezira Scheme are computed and plotted against the cumulative monthly
amounts of irrigation for summer, w inter and annual irrigation s easons (Figure 5-11). Itis
remarkable that the iNDVI values respond well to the applied irrigation water. A significant
positive correlation between iNDVI and irrigation water supply is observed, with R* values of
0.92,0.87 and 0.97 f or s ummer, w inter a nd a nnual i rrigation s easons, 1 espectively, (p <
0.001). Such a correlation could be used for estimating the diverted quantities of water from

the dam to the scheme, assuming that the scheme has the same conditions.
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Figure 5-11. Scatter plots with regression lines of cumulative monthly irrigation water supply
and iNDVI
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5.3.3 The administrative levels

5.3.3.1 Longitudinal spatio-temporal assessment

The Gezira Scheme is subdivided into 17 administrative levels (groups), which receive
their supplies from the Gezira and Managel channels (Adam et al., 2002). It is w orthwhile
assessing each group individually. Therefore, the seasonal ET and iNDVI values are extracted
for each group. The uniformity in ET is a good measure of water availability, while iNDVI
represents productivity. The groups are categorized according to their geographical locations
(Figure 5-12) from the supply point (Sennar Dam) and to the supplied main irrigation channel.
Table 5-3 shows the names of the blocks with their corresponding areas in order from south to

north for the Gezira channel, and from south to west for the Managel channel.
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Figure 5-12. Map of the Gezira Irrigated Scheme showing administrative boundaries and main
irrigation channels
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Table 5-3. The group names with the area in order from upstream to downstream with their
corresponding channels

Name Area Name Area
1D (Gezira channel) (kmz) 1 (Managel Channel) (kmz)
1 South 698.2 1 South 698.2
2 Hosh 449.6 10 Mikashfi 811.6
3 Center 712.6 11 Huda 812.3
4  Massallamia 758.7 12 Mansi 571.4
5  Wadi Sha’eer 877.2 13 Tahameed 677.2
6  Wad Habouba 315.2 14 Ma’toug 750.3
7  North 1011.7 15 Matori 809.0
8  North West 683.7 16 Gamusi 409.7
9  Abu Gouta 412.8 17 Shawal 345.9

Head-tail an alysis is co nsidered for the main c hannels ( Gezira and M anagel). T he
head is determined by locating the inlet for the channel, starting from the South group, and the
tail, at the end (Abu Gouta for Gezira and Shawal for M anagel). Then the average of each
group for each channel represents the longitudinal profile and provides an overall he ad—tail
analysis. The results are plotted for 15 years for the Gezira channel in the summer (Figure 5-
13) and the winter (Figure 5-14), and for the Managel channel during the summer (Figure 5-
15) and the winter (Figure 5-16).

For the G ezira channel, the di fferences in water supply at the head and tail of the
channel are visible for the summer season in the distribution of ET and iNDVI, as shown in
Figure 5-13. Itisclear t hatthe w ater s upply atthe tail e nd ( Abo G outa gr oup) i s not
sufficient, where lower ET and iNDVI values are observed for the 15 years. The highest ET
and iNDVT values are recorded for the South and Hosh groups, which indicates that the water
is available during the study period. For the three groups in the central part (Massallamia,
Wadi S ha’eer and W ad H abouba), E T f or t he s ummer s eason r anges from 205t o over
500 mm. The highest ET, value occurs in 2012, but without the same trend of iNDVI, which
might be related to overestimation of ET, for this year. Furthermore, the winter season for the
Gezira channel does show significant variation (on average). However, in 2010, the behavior
of the channel matches that of the summer season, which could be linked to the changing of

the irrigation authority in 2010.
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Figure 5-13. Spatial evolution of the average seasonal ET (upper) and integrated NDVI
(lower) for each group of the Gezira channel for the summer crop season




Chapter Five: Monitoring water abstraction from agricultural areas

U -
--2000-2001 -#-2001-2002 -+2002-2003 -=2003-2004 -+=2004-2005
-+-2005-2006 —+—2006-2007 —2007-2008 —2008-2009 —+-2009-2010
500 - -=-2010-2011 2011-2012 2012-2013 -+ 2013-2014 ==Ayerage
400
g
E 300 -
ot
=
200 -
100
u ]
& ) & A 3 > 2
& & Oo“‘& & ,@6"'6 ,oo‘?*o ¢°$ & @o&
.\‘5 el@ o{& éi)
¥ ¢ @ N
4.00
=+-2000-2001 -=-2001-2002 -+2002-2003 -+=2003-2004 -=2004-2005
3.75 |-+-2005-2006 —2006-2007 —2007-2008 ——2008-2009 -+-2009-2010
-=-2010-20M 2011-2012 2012-2013 2013-2014 ==Average
3.50
3.25
-
£ 3.00
Z
2.75
2.50
2.25
2.00
= o o 5 L 0 LY
° *¢ 0@&" N & ~o°§9 & o°§}
& & S
o ¥ &

Figure 5-14. Spatial evolution of the average seasonal ET (upper) and integrated NDVI
(lower) for each group of the Gezira channel for the winter crop season

On the other hand, the Managel extension tells a different story. As can be seen from
Figure 5-15, both ET and i NDVI during the summer crop s eason show an upw ard spatial
trend. The tail end of the channel has water availability and high productive use, due to the
fact that the M anagel channel is new and has s everal major branches. This promotes good

water distribution, and is confirmed by the irregular shape of water depressions at the end of
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the Managel channel. Still, this indicates that water supply is abundantly higher than demand,
and wasted. Since 2008, however, new agricultural areas have been detected at the end of the

Managel c hannel, w hich is c onsidered a good step toward utilizing the excess water from

channels.
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Figure 5-15. Spatial evolution of the average summer crop season ET (upper) and integrated
NDVI (lower) for each group of the Managel channel
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Figure 5-16. Spatial evolution of the average winter crop season ET (upper) and integrated
NDVI (lower) of each group for the Managel channel

101



Chapter Five: Monitoring water abstraction from agricultural areas

5.3.3.2 Model performance by ET,~iNDVI for all groups

To study the model performance in more depth, Figure 5-17 and Figure 5-18 exhibit
the s catter pl ot of t he relationships be tween seasonal E Tsggg and iNDVI at a gricultural
administrative le vels f or s ummer a nd w inter ¢ rop s easons, r espectively. F or s ummer, t he
figure s hows the s imilarity in trend between ET a ndi NDVL T he hi ghest correlation
coefficient (R* = 0.90) is found in 2001, the lowest (R* = 0.56), in 2003. Similarly higher and
lower correlations for the winter crop season are observed for the same years. Occasionally,
discrepancies oc cur be tween the grid results and the gr oup va lues, with be tter R * for t he
groups. This is explained by the fact that the point for the groups does not correspond to one
pixel, because most pixels in the group are averaged, whereas the grid analysis has a much
higher r esolution (1000 m) a nd num bers. The r elationship, how ever, i s hi ghly s ignificant

(p < 0.001).
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Figure 5-17. Relationship between seasonal actual evapotranspiration (ET,) estimated by the
SSEB model, and integrated NDVI (iNDVI) at blocks for the summer crop season
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Figure 5-18. Relationship between seasonal actual evapotranspiration (ET,) estimated by the
SSEB model, and integrated NDVI (iNDVI) at blocks for the winter crop season
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5.3.4 Evaluation of the applied water policies

The ET, and NDVI maps for the last 15 years provide an effective tool for evaluating
historical water policies. Because 85% of the total supply is released during the summer crop
season, the winter s eason is not taken into c onsideration for evaluating water pol icies. In
addition, the winter crop season has not been changed during the previous years. Thus, only
the June—November crop growing periods are considered. Figure 5-19 shows the variation of
both seasonal ET and iNDVI over the Gezira Scheme during the summer crop season. The
values of total ET (BCM) and the mean of iNDVI are calculated for each grid pixel in the
study area, where the v alues are calculated over the agricultural 1ands, bare soil and water
ponds. B ecause of t he observed w ater ponds , the ot her 1 and-use t ypes, r ather t han t he
agricultural lands, are included in this analysis. As can be seen, mean ET, has an ascending
trend, though insignificant (p = 0.06), over the past 13 years, while a descending trend (p =
0.035) is obs erved for i NDVI, which indicates that the w ater is a vailable but not putto

productive use.
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Figure 5-19. Variations of mean seasonal actual evapotranspiration (ET,) and integrated
NDVI (iNDVI) of the Gezira Scheme during the summer crop season

Increasing ET values did not result in increasing iNDVI. This could be linked to either
the inequitable distribution of the summer crop season ET or the collected water in different

depressions. Another reason could be over- or underestimation of seasonal ET values, as no

105



Chapter Five: Monitoring water abstraction from agricultural areas

validation data is obtainable. In order to correct this anomalous uncertainty in ET, estimation,
the relationship between E T, over ag ricultural ar eas ( ET,g) to the total ET, from S SEB
(ETsum) 1 s cal culated. The ET ,5/ETsm ratio represents t he s easonal assessment, which
precisely reflects the percentage of water for agricultural areas allocated to the whole scheme
throughout the season. ET,g; is obtained from agricultural pixels only, which is identified by
calculating NDVI,,,.x over each pixel. It is known that the agricultural pixel has a value higher
than 0.25 ( Hill and D onald, 2003; A nyamba and Tucker, 2005; Panda et al., 2010). In the
current r esearch, a pixel of NDV I,x havinga value hi gher than 0.31 s considered as an
agricultural field in the Gezira Scheme. ETg,y is the summation of ET o ver bare soil, rural
areas, water ponds and agricultural land. Figure 5-20 shows that the variation in the ratio of
ETae to ETqum on an annual basis has a descending trend (p =0.05) in recent y ears. This
suggests that the water policies in the Gezira Scheme have not had much effect on either its
agricultural pr oduction or water saving. The d ownward trend continues until 2005, w hen
WUA was introduced. Then, it rose again until the collapse in 2010, which could be linked to

the change in irrigation responsibility mentioned earlier.
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Figure 5-20. Variations of the ratio of actual evapotranspiration over agricultural areas (ETagr)
to the total actual evaporated water (ET,,) of the Gezira Scheme
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5.4 Conclusions

Summer a nd w inter ¢ rop gr owing s eason e vapotranspiration for 2000-2014 in the

Gezira Irrigation Scheme is mapped us ing the SSEB model, and Landsata nd MODIS

satellites images. In addition, iNDVIis used as an indicator for crop production assessment.

The evaluation is conducted for the whole scheme based on pixel resolution (1000 m) for the

17 administrative groups. The main channels (Gezira and Managel) are also considered in the

assessment. The results are summarized as follows:

1.

Duet ol ack o fv alidation da ta, t he ¢ urrent a ssessment f ocuses ont he s patial
distribution and trends rather than absolute values.

Spatially, seasonal ET, and iNDVI for the Gezira Scheme are higher in the southern
and central parts, and lower in the northern part. The well-irrigated areas with higher
iNDVI are usually close to the main irrigation channels and southern areas, as with ET
distribution.

Water ponds are identified, which implies there is water wastage at the Scheme.

ET, and iNDVI are positively correlated, R* values taking a range of 0.35-0.80 with
high significance level (p = 0.0), which, in general, indicates a satisfactory spatial and
temporal relationship between the two datasets.

A s ignificant pos itive correlation between i NDVIand i rrigation water s upply i s
observed, with R? values of 0.92,0.87 and 0. 97 for s ummer, winter and a nnual
irrigation seasons, respectively (p < 0.001).

For the Gezira channel, the water supply at the tail end ( Abo G outa gr oup) is not
sufficient dur ing t he s ummer c rop s eason, w here l ower E T and i NDVI values are
repetitively observed over last 15 years. For the South and Hosh groups, the head of
the channel, the highest ET and iNDVI values are recorded, which indicates that the
water is available during the study period.

For the assessment, the mean ET has an ascending trend over the past 10 years, while
ade scending t rend i s observed fori NDVI. A Iso, t he ETag/ETgum ratio s hows a

descending trend over recent years. This suggests that the water policies in the Gezira
Scheme have not had much effect on either its agricultural production or water saving.

This indicates the water is available but not utilized for agricultural production.
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CHAPTER SIX

POSSIBLE IRRIGATION MANAGEMENT SCENARIOS
AND THEIR IMPLICATIONS FOR DOWNSTREAM FLOW

6.1 Introduction

Life ¢ annotb es ustained w ithoutw ater. Irrigated a griculture accountsf or
approximately 70% of total water consumption across the Nile River Basin. Historically, there
has been sufficient water for irrigation and conflict over its usage has not arisen. Currently
and in the future, other demands for water such as urban expansion and popul ation growth
will place additional pressures on the limited water resources. This will lead to a reduction in
the vol ume of w ater al located to a griculture and a desire for water conservationinthe
irrigation sector. There are approximately 5 million hectares of irrigated land in the Nile Basin
(Bastiaanssen a nd P erry, 2009) . A Ithough t he N ile B asin ha s e xcellent i rrigation ne twork
systems, there are areas with very weak irrigation performance (Karimi et al., 2013). As stated
in previous chapters, the Sudanese Gezira large-scale irrigation scheme has poor performance,
which has adversely affected crop production and wastage of water. The Gezira Scheme has
experienced severe irrigation water wastage problems in the last two decades (Ibrahim et al.,
2002; A deeb, 2006; Elaminetal., 2011). P oor distribution a nd m anagement of i rrigation
water are major factors contributing to this situation (Karimi et al., 2013). The irrigation and
drainage n etworks do not work properly, which further exacerbates t he w ater di stribution
problems of the scheme (Plusquellec, 1990; Ahmed, 2009). Besides, low crop production is a
critical issue, on which Sudan should focus crop production enhancement (Bastiaanssen and
Perry, 2009).

Chapters Three, F our a nd F ive reveal t hat s easonal i rrigation efficiency h as be en
decreasing since 1993/94. The analysis shows that water amounting to twice CWR has been
released from the Sennar reservoir. In spite of the abundant water resources, crop production
is less than the ex pected return from the scheme. This is explained by the remotely s ensed
spatio-temporal water distribution assessment, which shows that the Gezira Scheme has faced
imbalance in water distribution for the last 15 years. Water de pressions, particularly in the
southern and central parts, are observed during the summer crop season, which lead to the
downstream ar ea of the G ezira m ain channel not being supplied by enough w ater. The

observed water depressions also imply that there is water wastage at the scheme and problems
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with the conveyance system. In a ddition, t he r ainfall a nalysis ¢ oncluded t hat t he G ezira
Scheme receives fairly adequate rainfall during the rainy season (June—October), which is not
taken into account for irrigation. Generally, there is a potential for saving water of about 2, 4,
4 and8 m’ for every kilogram produced of s orghum, gr oundnut, wheat and cotton,
respectively, without i mpairing t he yield ( Ahmed a nd R ibbe, 2011 ). In ¢ onclusion, t he
imbalance of water di stribution, i nefficient i rrigation ne twork a nd neglect of r ainfall a re
considered reasons, among others, for the low crop productivity and low observed efficiency
of the Gezira Scheme.

The S udanese government ha s's een the s cheme as f inancially and economically
unattractive, and has not acted in the interests of rehabilitation and maintenance, but instead
conducted several conservation water policies, handing responsibility for management to the
farmers, as mentioned in Chapter Five. Most policies have focused on increasing the supply
through the irrigation s ystems, some on a dapting crop m anagement s ystems to reduce the
need fori rrigation w ater ( particularly during the s ummer crop s eason). F or i nstance,
decreasing cotton cultivation has been seen recently in the Gezira S cheme (as discussed in
Chapter T hree, Section 3.3.2.1) . H owever, t he problems of water w astage and | ow c rop
productivity still exist.

Improvement of ne twork functionality by m eans of r ehabilitation or u pgrading of
channels is needed and has been recommended by many researchers (e.g. Plusquellec, 1990;
World Bank, 2000; Ahmed and Ismail, 2008; Ahmed, 2009; FAQO, 2011). With such a vast
area and complex system, an RS monitoring tool and GIS is demanded to identify priorities
for the rehabilitation or upgrading of channels.

New irrigation- and yield-enhancement technologies could be seen as a solution for
tackling water conservation and achieving higher crop yield. But such technology is always
costly and will not be part of a possible scenario (Oweis et al., 1999). Therefore, traditional
innovative techniques such as water harvesting need to be developed to ensure the best use of
natural precipitation (Ben Mechlia et al., 2009). In addition, Prinz (1996) stated that applying
such a water harvesting technique can significantly increase plant production, which is needed
for the Gezira S cheme. A hmed and R ibbe ( 2011) confirmed that th e in sifu rainwater
harvesting techniques furrow and chisel were tested at the Agricultural Research Corporation
(ARC) at Wad Medani. They emphasize that the adoption of water harvesting techniques is a
feasible option for saving water. Water harvesting for water conservation and increasing yield
production is seen as one of the solutions to solve the s ystem inefficiency problem of the

scheme. T raditional opt ions ba sed on f ull i rrigation w ith i ntensive c ropping s ystems a re
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probably not the best future s cenario, because of chr onic w ater al location conflict in the
region (Karimi et al., 2013).

Quantitative estimates of the impact of enhancing irrigation efficiency are useful for
convincing decision-makers about water-saving policies. To obtain numbers in terms of water
quantity, a s cenario of e nhancement i n t he ove rall i rrigation e fficiency of t he s chemeis
assumed, w hich can d raw s ubstantial conclusions a bout potential w ater savings. T he
information will be useful to the decision-makers in their water resources planning activities.

In t his ¢ hapter, an RS-GIS t ool a nd t raditional w ater ¢ onservation m anagement
scenario are proposed to tackle the problems of the Gezira S cheme. Firstly, the RS SSEB
model is s een as a us eful moni toring tool to deal w ith the in efficiency of th e e xisting
irrigation network, especially during the summer crop season. The SSEB model is utilized to
identify the well-irrigated, dry and water depression locations over time and space. Secondly,
water ha rvesting i s cons idered as a t raditional w ater cons ervation strategy at t he s cheme.
Lastly, the implications for downstream flow of the Blue Nile due to a possible increase in

scheme efficiency are investigated.

6.2 Material and methods

6.2.1 A drought monitoring tool for the Gezira Scheme

Agricultural drought is an important hazard and complex phenomenon which harms
agricultural economies and societies (Wilhite, 2002). It refers to a decline in the soil moisture
content and, as a cons equence, might cause crop failure (Mishra and Singh, 2010; Son et al.,
2012). Traditional drought monitoring indices based on m eteorological data (e.g. the Palmer
Drought Severity Index (PDSI) and the Standardized Precipitation Index (SPI)) are not valid
for large-scale irrigated agricultural areas such as the Gezira Scheme. RS technology makes it
possible to retrieve soil m oisture and ve getation c onditions a cross l arge areas (Wuetal.,
2013).

The previous chapters, as well as the literature (Ahmed and Ismail, 20 08; A hmed,
2009; FAO, 2011; Karimi etal., 2013), reveal inequity of water distribution in the Gezira
Scheme, which is considered one of the major problems of the system. This has caused a
lowering of production, mainly for the fields at the tails of the channels (FAO, 2011). Spatial
monitoring of the dry and wet areas is needed, which provides essential information on t he
status of water resources and forms an important basis for decision-making. The SSEB model
(Senay et al., 2007) was utilized in previous chapters of this thesis to monitor the seasonal

distribution of actual ev apotranspiration (ET,). H erein, itis pr oposed a s a n i nstantaneous
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drought m onitoring method for the Gezira Scheme. The aimis to provide decision-makers
with an immediate m onitoring tool to identify water shortage, water de pressions and well-
irrigated areas. T he r eported pr oblem ¢ ould be ha ndled b y t he de cision-makers and the
stakeholders to save water, which would lead to increased system irrigation efficiency. The
lack of availability of instantaneous climatic data, especially hourly or daily records, is the
basic obstacle for a broader use of SSEB. Therefore, the ET fraction (ET¢) of SSEB is utilized
as an instantaneous monitoring drought risk index for the scheme. As mentioned in Chapter
Five, ET¢ is an indicator for representing the soil moisture availability. The index is seen as a
good m onitoring t ool for identifying dry and wet areas. The S SEB model is de scribed in
Section 5.2.3 in the previous chapter. Once the climatic data and reference evapotranspiration
(ET,) are determined, the daily, monthly or seasonal ET, can be calculated by multiplying ET¢
by ET,. However, calibration and validation of the model is still recommended for optimum
results.

For the monitoring tool, Agam et al. (2008) recommended using T, with high-spatial-
resolution images over irrigated regions. The reason is related to the reliable estimation of ET,
and c rop s tress be cause of t he s ignificant m oisture va riations from one field t o a nother.
Therefore, i tis proposed he rein that Landsat i mages be us ed for m onitoring. T he ETM +
(Landsat 7) and Landsat 8 (LC8) (since May 2013) have 30 m spatial resolution. Monitoring
for the 2013/14 crop season using Landsat 8 images with 0% cloud cover, as listed in Table 6-
1, is described in this chapter. T, from Landsat images is calculated based on the thermal band

(Band 10) after radiance conversion following USGS (2013) methodology.
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Table 6-1. The date of the used Landsat 8 satellite images for the monitoring tool

ID Name Julian day Year Date Cloud cover
1 LC81730502013178LGNO0O 178 2013 Jun. 27 0
2 LC81730502013258LGNO0 258 2013 Sep. 15 0"
3 LC81730502013306LGNOO 306 2013 Nov. 02 0
4 LC81730502013322LGNO00 322 2013 Nov. 18 0
5 LC81730502013338LGN00 338 2013 Dec. 04 0
6 LC81730502013354LGNO0 354 2013 Dec. 20 0
7 LC81730502014005LGNO0O 005 2014 Jan. 05 0
8 LC81730502014037LGNOO 037 2014 Feb. 06 0
9 LC81730502014053LGNOO 053 2014 Feb. 22 0
10 LC81730502014085LGNOO 085 2014 Mar. 26 0

"Cloud effect is identified while calculating T,

6.2.2 Water harvesting for the Gezira Scheme

6.2.2.1 Definition and categories of water harvesting

Water harvesting is defined as the collection of concentrated rainfall for its beneficial
use (Critchley et al., 1991; Oweis et al., 1999; Narain et al., 2005). It is applied in arid and
semi-arid regions where the annual rainfall (250-400 mm) is not sufficient to sustain rain-fed
agriculture ( Oweis e ta 1., 1999; B en M echlia eta l.,2009) . Int erms of vol ume, t his
precipitation r epresents an a dequate amount of w ater ( Critchley etal., 1991) . H owever,
because it is distributed over a l arge area, as is the case in the Gezira Scheme, most of the
water is lost by evaporation and not productively used. Additionally, utilizing rainfall for the
Gezira S cheme dur ing t he s ummer c rop s eason w ill ha ve a g ood i mpact on t he s iltation
problem of the irrigation ne twork. A hmed and R ibbe (2011) m entioned t hat the 1 ower t he
volume of Blue Nile water entering the Scheme, the less silt accumulates in the channels and
fields. This is because of the high amount of silt entering the scheme during the rainy season
(Ahmed, 2009; Ahmed and Ribbe, 2011).

There are two basic categories of rainwater harvesting systems for plant production:
micro- and macro-catchment s ystems ( Critchley et al., 1991). The micro-catchment s ystem
refers to in situ rainwater harvesting techniques, which are more common than the macro-
catchment systems (Biazin et al., 2012). The macro-catchment water harvesting system refers
to the case where runoff from hill-slope catchments is conveyed to a cropping area located at

the foot of a hill on flat terrain. It is also called the Long Slope Catchment Technique, as the
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catchment area is usually 30-200 m in length (Critchley et al., 1991; Prinz and Singh, 2000).
The Gezira area is generally flat with a gentle slope to the north and west (Plusquellec, 1990),
which does not permit the macro-catchment method to be applied. Therefore, the in situ water
harvesting technique is seen as a more appropriate application for the Gezira Scheme.

The selection of the best sites for water harvesting schemes must be based on certain
criteria that take into consideration the physical and the socioeconomic characteristics of the
targeted area ( Al-Adamate tal., 2010) . W ater ha rvesting ¢ annot be e asily i mplemented
without considering climate characteristics (rainfall, evapotranspiration, etc.), the topography,
the soil type and, most significantly, the socioeconomic conditions of the community of the
region (Oweis et al., 2012). In this chapter, investigation of physical parameters is undertaken
to identify the potential of applying water harvesting at the Gezira Scheme. This will help to
maximize ut ilization o ft he a vailable r ainwater r esource. T he de velopment of t he
methodology is built on five steps for the technical assessment only, which are the knowledge
of w ater de manded by different t ypes of ¢ rops,t he de signed a mount o fr ainfall and

recommended water harvesting technique.

6.2.2.2 crops water requirements

It is necessary to assess crop water demand when designing water harvesting systems
for a gricultural a reas ( Critchley etal., 1991) . Long-term (1961-2010) m onthly a verage
meteorological data for the Wad Medani meteorological station (Lat.14.4 N: Long. 33.5 E) is

used to determine crop evapotranspiration (ET.), which is illustrated in Section 3.2.2.

6.2.2.3 Designed rainfall amount

Rainfall c haracteristics (intensity and distribution) are important factors in applying
water harvesting techniques for an area (Critchley et al., 1991; Prinz and Singh, 2000; Oweis
etal., 2012). For agriculture, the design rainfall (DR) is defined as the total amount of rain
which provides the plant water requirement over the growing season (Critchley et al., 1991).
The quantity of rainfall that produces runoff is a good indicator of the suitability of the area
for w ater ha rvesting ( Prinz and S ingh, 2000). DR is de termined b y m eans of a s tatistical
probability analysis of annual rainfall time series data with a 67% probability of occurrence
from the Wad Medani metrological station. It is determined using the DISTRIB application in
SMADA software (Eaglinetal., 1996) to analyze the monthly and annual rainfall data for
1961-2012, except 2009. A three-parameter, log normal statistical model is found to give the
best fit for the distribution.
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6.2.2.4 Design model for the catchment

The in situ water harvesting system consists of a catchment area (CA) and a cultivated
area (CU), where r unoff is generated in the C A and collected in the C U ( Critchley and
Scheierling, 2013) . T he r atio be tween the parameters, defined as t he cul tivated area r atio
(CA:CU ratio), should be experimentally determined (Critchley et al., 1991). However, this
experimental work seems not to be applicable to the current study. T herefore, the C A:CU
ratio ¢ an be c alculated, a s r ecommended b y C ritchleyetal. ( 1991), f rom t he f ollowing
equation:

ETc-DR _ CA

DR xKrxRC ~ CU’ (Equation 6-1)

where ET,, DR, CA and CU are as mentioned above, and Kr and RC are the efficiency factor
and the runoff coefficient, respectively. Hence, Plusquellec (1990) mentioned that the soil of
the Gezira Scheme is uniform and consists mainly of sediments from the Blue Nile, which
have a clay content of 50%—60%. The clay soil makes the infiltration of water very slow, and
is considered a high runoff coefficient for the CA for generating runoff. Therefore, Kr and RC
are assumed to be 0.50 (reflecting the high proportion of runoff from very short catchments)
and 0.75 (reflecting the greater efficiency of short-slope catchments), respectively, according
to Critchley et al. (1991). In the case of the Gezira Scheme, the estimation of the ratio may
affect the ef ficiency and effectiveness oft he proposed system, asno experimental
determination exists. Nevertheless, the designed model is based on hi gh-variability features
(Rainfall and ET,). It is therefore necessary to modify the original design yearly in terms of
safety measurements to avoid damage in years when rainfall does not equal DR (Critchley et
al., 1991). Usually, the CA:CU ratio is in the range 1:1-5:1 for the in situ (Micro-catchment)
technique (Critchley and Scheierling, 2013).

6.2.2.5 Water harvesting recommended techniques

As mentioned earlier, the in sifu (Micro-catchment) technique is seen as a s uitable
water harvesting s ystem for the Gezira S cheme. It is a method of collecting surface runoff
from a small CA and storing it in the root zone of an adjacent infiltration basin. This has the
potential to improve the soil water content of the rooting zone by up to 30%, depending on
rainfall pattern and soil type (Biazin et al., 2012). Examples of micro-catchment system are
Negarim and c ontour bunds (for trees), contour ridges and the inter-row areas (for crops)

(Critchley et al., 1991; Prinz and Singh, 2000; Oweis et al., 2012).
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Oweis et al. (2012) recommended the inter-row water harvesting technique (Figure 6-
1) foreither flat] and or gentle s lopes of upto4% ,w hichisthes amet opographic
characteristic as the Gezira Scheme. The authors added that it is the only water harvesting
technique suitable for absolutely flat land and for areas with annual average rainfall of more
than 200 mm. The technique is similar to the Farrow water harvesting technique tested at Wad
Medani ARC (Ahmed and Ribbe, 2011). Therefore, it is seen as a suitable technique for the

Gezira Scheme.

|(—D,4m ;II: 20m N|

Figure 6-1. The inter-row water harvesting technique (catchment to cropping area ratio
changes based on rainfall amount)

Source: Prinz (1996)

6.2.3 Implications of improving irrigation performance on downstream Blue Nile flow

A number of Decision Support System (DSS) models have been developed to assess
the i mpact of future de velopment pl ans ( hydropower and i rrigation po tential) a nd c limate
change within the entire Nile Basin (Guariso and Whittington, 1987; Block et al., 2007; Block
and Strzepek, 2010; McCartney and Girma, 2012). Most of the these studies have focused on
the Blue Nile at the Eastern Nile Basin, as it is the most significant tributary, providing over
70% of the Nile’s flow through downstream countries (NBI, 2012).

McCartney and Girma (2012) concluded that the flow of the Blue Nile will be reduced

by 22 % at the Ethiopia—Sudan border as a consequence of climate change in c ombination
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with ups tream w ater r esource d evelopment. A n e arlier s tudy b y M cCartney et al. (2009)
estimated that irrigation de mand would increase in the B lue Nile in Sudan and E thiopia;
consequently, the flow ofthe Blue Nile is reduced by 18% at K hartoum. H owever, these
models have simulated the current large-scale irrigation schemes with their existing irrigation
efficiency. Increasing the existing efficiency is seen as a water conservation and management
need to face increasing future water de mand (Bastiaanssen and P erry, 2 009). Furthermore,
one of t he m ajor constraints faced within the ba sin is w ater s carcity, and the i rrigated
agricultural sector competes for water with the domestic and industrial sectors (Karimi et al.,
2013). R elatively little consideration has be en given to the i mplications of enhancing t he
overall efficiency of downstream flow. Previous observations in the Gezira Scheme indicate
that around 6—7 BCM per year of water is applied for irrigation, of which only around 3 —
4 BCM per year is needed for growing the crops. The overall irrigation efficiency has been

very low since 1994 (= 44% on average) and the proposed management scenarios (monitoring

tool and water harvesting) could save water and increase the irrigation efficiency. Herein, this
section qua ntifies t he amount of w ater which ¢ ould be s aved b y i mproving i rrigation
efficiency. The data utilized for t his ana lysis ar e act ual obs erved irrigation water s upply,
rainfall and crop water demand, as mentioned in Chapter Three, particularly in Section 3.2.1.
The vol ume of saved water can meet demand from other w ater us ers d ownstream in the

Gezira Scheme, as presented in the schematic figure, Figure 6-2.

Qout—3
Qout—1

Blue Nile

in

Figure 6-2. Schematic map showing the concept of managing irrigation efficiency through the
Gezira and Managel channels (Qqu.1 + Qout2); the impact will be on Qqyy 3
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6.3 Results and discussion
6.3.1 The Monitoring assessment

6.3.1.1 Spatio-temporal monitoring

The ET¢ values from Landsat 8 satellite data using T are derived using an automated
program written in ArcGIS Model Maker. Figure 6-3 shows the spatial distribution of the ET¢
index on ten di fferent datesin 2013 a nd 2014. A s can be seen, the start and end of the
irrigation season can be respectively visualized as June 27,2013 and March 26, 2014. A lso,
December 20, 2014, is the end of the summer and start of the winter crop seasons. ET¢ values
are in the range 0.0—1.0. The higher values indicate the wet conditions, presented by water
ponds and well-irrigated areas, while the lower values indicate lack of soil moisture (i.e. bare
soil). The only part ex periencing a dry spell is located in the northern part of the scheme.
Approximately, the southern, central and southwestern areas are subjected to wet conditions,
where water ponds are a lways found ( ETy = 0.8-1.0). T his c onfirms t hat t he i rrigation
channels in these areas cannot meet demand.

For the whole season, Figure 6-4 demonstrates the water leakage from the irrigation
channels in the nor thern, central and s outhwestern parts of t he s cheme. Fort he G ezira
irrigation channel, the dry areas in the northern part could be a result of flooding channels in
the central part. The problem is very acute on the flat terrain where excess water is just left to
flow and s pread across the pl ain. T he ove rall r esult is enormous | oss of available water.
Therefore, water shortage in wide areas is observed. However, the Managel channel supplies
more w ater than is demanded, which is explained by the irregular cold areas (ET;=1.0)
observed at the tail of the channel, as shown by ET¢in Figure 6-3 and the highest ET values in
Figure 6-4. These maps also reveal that the scheme has a poorly maintained or no dr ainage

system at all to return excess water into the river.

117



Chapter Six: Possible irrigation management scenarios and their implications

27/06/2013 15/09/2013] 02/11/2013| 1811112013

02040 80 120
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Figure 6-3. Spatial distribution of evaporative fraction (ET¢) over the Gezira Scheme for the
2013/14 irrigation season (images are in order of day of the year)
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Legend

ET (mm) Irrigation channel

. Water pond

P

Figure 6-4. Identifying water leakage from the irrigation channels at the northern, central and
southwestern parts of the scheme for the 2013/14 irrigation season

The GIS presented by ArcGIS software is a powerful tool to simultaneously assess the
information spatially (Nehme and Simdes, 1999). In the case of the Gezira Scheme, GIS is
used to identify the location and names of irrigation channels with leakage problems. After
converting the water ponds from raster format to polygon feature class, the Select-by-location
tool is utilized to identify the irrigation channels that intersect with the water ponds. Table 6-2
presents t he names of 7 7 irrigation channels with suspected 1 eakage p roblems. I n c urrent
practice, t his i nformation he Ips a nd s upports t he de cision-making pr ocedure for i rrigation
network ope ration a nd m aintenance. T he m aintenance of t hese ¢ hannels w ill r educe

unnecessary water loss through leakage, which might allow more water to flow downstream.
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6.3.2 Water harvesting potential

6.3.2.1 Crop water requirements

Monthly averages o f m aximum and minimum t emperatures, percentage of relative
humidity, wind s peed, actual s unshine hours and crop factor are utilized to calculate E T,
values for the four main crops of the Gezira Scheme, as mentioned in Chapter Three. The
monthly E T, values a re c onverted t o s easonal values, which c orrespond t o t he g rowing
season only for the summer season crops (sorghum, groundnut and cotton), as listed in Table
6-4. Int he ¢ ase of s orghum and groundnut, E T, valuest ake av erages of 820 and
940 mm/season, respectively. These va lues r epresent t he t otal w ater r equirement f or t he
whole growing season, while ET, for cotton has a value of 1350 mm/season for the whole
growing season until February. The water demand of cotton until November is estimated at
825 mm. However, these results have greater values than those obtained by previous scholars,
as mentioned in Section 2.5.2, with 4% for cotton and 16% for groundnut and sorghum. This
is ¢ ontributed to by t he upda ting of t he s olar r adiation pa rameter in t he F AO P enman—

Monteith formula, which results in increasing ET, values.

6.3.2.2 Designed rainfall amount

The annual rainfall data are analyzed in order to define the probability of occurrence
to de termine t he de signed r ainfall a mount. T he t hree-parameter, log n ormal di stribution
method is applied to determine the designed rainfall value, which gives the best fit for the
distribution. T he pr obability of o ccurrence c urve for t he obs erved a nd predicteddatais
derived, ass hownin Figure 6-5. The cor relation between the two datasetsis hi ghly
significant (p <0.001), with an R* value of 0.9424. S ubsequently, the return period, t he
reciprocal of the probability, for the seasonal rainfall is computed and given in Table 6-3. The
table shows that rainfall events with a probability of 67%—100%, equivalent to annual rainfall
of 186-253 mm, can occur every 1-3 years. Rainfall probability with the range of 33%—67%,
amounts to 289-362 mm and could happen every 2—5 years. The designed rainfall value is
found to be 253 mm, which will be met or exceeded (on average) in two years out of three,
and the harvested rain will satisfy CWR for the same mentioned time period. In addition, the
statistical ana lysis r esulted in mean and standard values of 292.69 mm and 14.7 7 mm,

respectively.
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Figure 6-5. Probability diagram of the seasonal rainfall curve for the Wad Medani station

Table 6-3. Probability and return period for the different rainfall values

Probability Return period Rainfall (mm) Standard deviation

(years) (mm)
0.01 200.0 528.2 44.0
0.01 100.0 503.0 36.9
0.02 50.0 476.0 30.2
0.04 25.0 446.7 243
0.10 10.0 402.5 17.8
0.20 5.0 362.5 14.6
0.33 3.0 326.3 13.3
0.50 2.0 289.5 12.7
0.67 1.5 253.2 12.5
0.75 1.3 234.3 12.6
0.85 1.2 205.7 13.5
0.90 1.1 186.8 14.6
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6.3.2.3 Design model for catchment

The system is designed to provide e nough runoffto meet CWR. The ratios of the
catchment t o the cul tivated areas ( CA:CU) f or each crop are de termined by applying
Equation 6 -2. The results ar e pr esented in Table 6 -4 for t he s ummer ¢ rops ( sorghum,

groundnut and cotton until November).

Table 6-4. Adopted parameter and calculated catchment to cultivated areas ratio (CA:CU)

Crop ET. (mm) DR(mm) Kr RC CA:CU
Sorghum 820.78 253 0.50 0.75 6
Groundnut 947.36 253 0.50 0.75 7
Cotton (Nov) 824.20 253 0.50 0.75 6

From the results, the CA must be six times larger than the cultivated area to fully
supply sorghum and cotton (until November) and up to seven times larger for groundnut. The
ratio is high, but the system is designed for a dry area, which makes crop demand very high.
In addition, the water harvesting option is not seen as a replacement for irrigation; it is meant
to utilize the amount of received rainfall at the Scheme. Therefore, the CA:CU ratio can be
changed ba sed ont he volume of w ateri ntended t o be ¢ onserved. In c onclusion, t he
possibility of accounting for rainfall in irrigation is possible. However, further studies should

be conducted to ensure the sustainability of the water harvesting concept at the scheme.

6.3.3 Implications of improving irrigation performance on downstream Blue Nile flow
The annua 1 i rrigation efficiency of t he G ezira S cheme ha s be en decreasing s ince
1993/94. A sa c onsequence of enhancing the ir rigation distribution efficiency and/ or
accounting for the rainfall in the irrigation schedule, a predicted management scenario, the
overall irrigation efficiency o f the scheme is ex pected to be hi gher. Herein, a quantitative
assessment i s ¢ onducted of the volume of irrigation water that coul d be saved when the
overall irrigation efficiency is enhanced. Analysis of 1990-2010 reveals that if the irrigation
efficiency can be improved by only 1%, an average of around 68 m illion cubic meters per
year of water c ould be s aved a nd a llocated f or ot her pr oposes. Figure 6-6 summarizes
changes in the volume of saved irrigation water w hen overall irrigation efficiency reaches
75%, for 1990 -2010. T his 1 evel of e fficiency i s pr edicted a s a pos sible r esult f rom t he
proposed m anagement s cenarios. T his could save around 2.6 BCM per year, which can be

utilized by other users on the Nile downstream.
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Figure 6-6. Volume of irrigation water that could be saved at an overall irrigation efficiency

6.4

of 75%

Conclusions
The conclusions of this chapter are summarized in the following points:
Management tools and scenarios such as RS drought monitoring and water harvesting
are proposed to tackle the problems (inequity of irrigation distribution and low crop
yield) of the Gezira Scheme.
The SSEB model is proposed as a water distribution monitoring tool to deal with the
inefficiency of the existing irrigation network, especially in the summer crop season,
and the wasteful water consumption of the conventional system.
Water ha rvesting is co nsidered as an al ternative t raditional conservation s trategy
solution for water at the Scheme.
The i mplication for downstream flow of the Blue Nile due to increasing irrigation
efficiency is also investigated.
Monthly monitoring illustrates that the southern, central and southwestern areas are
subjected to wet conditions, where water ponds are always found. This confirms that
the irrigation channels of these areas have operational problems.
For the Gezira channel, the problem is very acute on the flat terrain in the central part,
where ex cess water is just left to flow and spread across the plain. Therefore, water

shortage in wide areas is observed at the downstream end of the channel.
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10.

11.

12.

13.

The Managel channel supplies more water than is demanded, which is explained by
the i rregular c old a reas obs erved at t he t ail of t he ¢ hannel. T his r eveals t hat t he
scheme has a poorly maintained or no dr ainage system at all to return excess water
into the river.

Around 80 i rrigation c hannels are suspected to have leakage problems for the crop
season 2013/14.

Water harvesting is potentially applicable in terms of physical analysis. The designed
rainfall value is found to be 253 mm, which will be met or exceeded (on average) in
two years out ofthree, and the harvested rain will satisfy CWR for the same time
period.

The designed CA of the crops must be seven times the size of the cultivated area. The
ratio is hi gh; therefore water harvesting could be applied just in accounting for the
rainfall for irrigation, not for the full crop supply.

If the irrigation e fficiency c an be improved by only 1%, an average of around 68
million cubic meters of water per year could be saved by the scheme.

This level of e fficiency ( 75%) is predicted as a pos sible r esult from the pr oposed
management scenarios, which could save around 2.6 BCM per year.

All the se impr ovements he Ip optimize w ater a pplication a nd oppor tunities for

irrigation, and e nable upgraded i rrigation s cheduling t echniquest o be a pplied

efficiently.
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Many large-scale i rrigation schemes w orldwide ha ve be en f acing s evere water
wastage and have not yielded t he expected out comes. T his s ituation is generally
related to a lack of effective evaluation and monitoring tools.

After reviewing extensive literature, the current research suggests a new methodology
for evaluating and monitoring large-scale irrigated areas based on ground-observed
and remotely sensed data.

This study takes the large-scale irrigation of the Gezira Scheme as a case study, as it
is the largest scheme in the world under one management.

Irrigation water m anagement s tudy h as b een conducted by assessing t he i rrigation
water supply, rainwater supply, crop productivity and water distribution in the Gezira
Scheme.

Inefficient i rrigation water s upply o f the G ezira S cheme ha s be en witnessed since
1993/94. G enerally, the w inter crop s eason p resents much 1ower efficiency v alues
than those for the summer crop season.

The received rainfall is inadequate to fully supply crop water demand, but it could be
utilized in July and August to supply part of it. However, the rainfall is not accounted
for in irrigation scheduling in the scheme.

Despite the w ater a vailability, the Gezira S cheme ha s com parativelyl ower
productivity values than those recorded for other irrigation schemes worldwide.

The well-known VCI, an index derived from NDVI, is modified (MVCI) and applied
to the irrigated areas. MVCI reveals poor w ater di stribution, especially during the
summer crop season.

The index has the ability to map the s patial dr ought b y i dentifying dry and well-
irrigated areas, but does not deduct the soil moisture contain. Therefore, MVCI cannot
be considered alone as a monitoring tool, as water could be wasted and located in

other shapes (i.e. water depressions).
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e RS ET, is found to be the best monitoring model. The spatio-temporal information of
ET, is required to better quantify water depletion and establishes links between land
use and water allocation.

e Several RS models have been de veloped for estimating E T,. Four di fferent m odels
based on the energy balance method — SEBAL, METRIC, SSEB and MODI16ET — are
applied to assess the optimal approach of obtaining ET, and running as a monitoring
tool for the scheme.

e Most of the equations used in the SEBAL, METRIC and SSEB models are updated to
the current state of the art to give more accurate results.

o Different open-source satellite images such as Landsat and MODIS can be analyzed
to obtain spatial ET,.

¢ A new methodology is introduced in the current research to comprehensively evaluate
the models’ performance based on a set of statistical indicators at field and scheme
levels.

e Based on ranking criteria, the SSEB and SEBAL models provide ET, estimates close
to the actual measurements.

e METRIC and M OD16 results ove restimate and und erestimate t he m easurements,
respectively.

o All four models show similar spatial daily patterns of ET over the scheme but differ in
terms of absolute values.

e The SSEB m odel givest he be stp erformance and is s elected as the operational
monitoring ET, tool because of its simplicity of processing over large areas.

e Similarly to MVCI distribution, the seasonal ET, from SSEB is higher in the southern
and central parts, and lower in the northern part of the scheme.

e The study proposes a new spatio-temporal evaluation method to investigate the model
performance by plotting the ET, over each pixel respectively against the integrated
NDVI (iNDVI).

e When validation data is absent, the ratio of remotely sensed E T, from a gricultural
areas (ET,,) to the total ET, from the scheme (ETsm) (E Tag/ETsum) can be used to
conduct 1 ong-term assessment. The ratio indicates that water policies in the Gezira
Scheme have not had much effect on either agricultural production or water savings.

This indicates the water is available but not utilized for agricultural production.
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e The study has identified water ponds, indicating that there is water wastage over the
scheme, which is considered another reason for the inefficiency.

e iNDVIcanbe used asanindicator to evaluate w ater pol icies in terms of ¢ rop
productivity: the greater is iNDVI, the higher is production.

e RS drought monitoring and water harvesting can be used as management tools and
scenarios for large-scale irrigation systems.

e The SSEB model can be proposed as a water distribution monitoring tool to deal with
the inefficiency of the existing irrigation network. The model identifies the channels
which have leakage problems. This confirms that the irrigation channels of these areas
have operational problems. Such information might be very useful for reducing losses
at the scheme.

e Rainwater harvestingi s a ddressed a nd f ound t o be a pplicable a s a n a Iternative
solution for accounting for rainfall in irrigation.

e The study proposes a new methodology to assess, e valuate and monitor large-scale
irrigation systems. It shows innovation in identifying the problems of the scheme, as
well as proposing management s cenarios t o enhance i rrigation water management
practice. Improved agricultural water management in terms of crop, water and land
management can increase food production, thereby alleviating poverty and hunger in

an environmentally sustainable manner.
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7.2 Recommendations

Despite the FAO Penman—Monteith reference evapotranspiration (ET,) remaining the
most desirable method for computing ET,, the method should be calculated based on
the adjusted parameters for the regional studies. The calculated ET, values from the
updated solar r adiation parameter ha ve greater values and are m ore a ccurate t han
those not updated. A ccurate d etermination of E T, ise ssential f ora ccurate
computation of crop water demand.

More meteorological stations ar e ne eded to cover t he w hole G ezira area to better
represent actual conditions.

One of the limita tions faced is alack ofva lidation dataat t her egional s cale.
Therefore, further m easurements of groundwater 1 evel, the volume o f the obs erved
water ponds and the amount of drainage water are needed to validate the results. Also,
measuring t he a mount of E T, by deploying lysimeter de vices or eddy cova riance
towers is also recommended.

During the rainy months (June—October), it is recommended that the MODIS daily T;
product (MOD11A1) be used rather than the 8-day MODIS T, product (MOD11A2).
Cloud cover is represented by no-data values averaged within the MOD11A2 product,
which thus biases ET, calculations.

Rainfall s hould be ha rvested a nd ut ilized t o reduce t he ne ed f or s upplemental
irrigation.

The inequity of the conveyance system could also be an additional factor leading to
the low crop productivity of the scheme.

Further research is required for accurate RS estimation of crop water demand.

A water policy analysis is required for the lower performance period since the 1990s.
Rainfall characteristics (intensity and distribution) are important features in applying
water harvesting techniques to an area. Therefore, further analysis of daily r ainfall
should be conducted.

It is recommended that a socioeconomic analysis be conducted for water harvesting,
as it is not considered in the current research.

A social study is needed to assess the effect of inefficient irrigation performance on
farmers and livestock population.

It is recommended that the intended methodology be followed to improve irrigation

water management in the scheme by increasing overall irrigation efficiency.

129



Chapter Seven: Conclusions and Recommendations

e Most of the e quations in the SEBAL and M ETRIC algorithms are d eveloped f or
different climates. Calibration of these equations is necessary.

e Using more high-spatial-resolution images per crop season will lead to more accurate
results when downscaling.

e Higher-spatial-resolution images (i.e. A dvanced Spaceborne T hermal E mission and
Reflection Radiometer (ASTER) or L andsat images) are needed for s tudying s mall
agricultural fields.

e Economic ana lysis using different indi cators is s till ne eded to investigate ¢ rop
productivity.

e There is an urgent need to develop adequate irrigation water monitoring facilities on a
regular and l ong-term ba sis, and t o increase field i nvestigation in or der t o e nsure
effective appl ications of em erging RS and G ISt echnologies f or s ustainable
development and management.

e Further study is recommended to monitor soil moisture by using active and passive
microwave techniques.

e [tis always reported that the Gezira Scheme has no salt problem, and that as a result
there is no leaching water requirement. It is doubtful that an 80-year-old irrigation has
no s alinity pr oblem. T herefore, itis recommended that a field test for s alinity be

conducted in different places over the scheme.
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Appendix One: Field visit

APPENDIX ONE
FIELD VISIT

A.1.1 Visiting locations and crop pattern
Two field visits were conducted in 2011/2012 and 2012/2013 seasons. A total of 1343

ground-truth poi nts w ere obt ained from t he field s urvey as s hown Figure A.1-1. It w as
proposed r eaching uni formly di stributed points ove rt he e ntire Gezira region. Duet o
resources and t ime limitation, it w ould not be possible t o vi sit all p lanned g round-truth
locations. Besides, the collected 1343 poi nts were not in good distribution to perform crop
classification for all Gezira S cheme. Thus, crop classification for the w hole G ezira is not
taking i n t his r esearch. H owever, t he ¢ onducted field vi sits w ere v ery useful f or b etter

understanding the situation of the scheme.

% Gezira scheme

Ground-truth points

Figure A.1-1. Location of the 1343 points of observed points
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Appendix One: Field visit

The s tay w as m ainly in W ad Medani ci ty, where t he m anagement authorities ar e
located, i.e. Sudan Gezira Board. Therefore, further field observations were conducted in two
blocks (Muslmya and Wassat). In general 10 to 20 visits were conducting for each block for
the two seasons. At each block, several fields, ranging from 10 to 150, were identified on the
images as well as other land cover classes. Figure A.1-2 gives an example of the sites visited

and the observed crop patterns.

P y Fope . 4 r
i F Ny I AT . F A i

Figure A.1-2. Two different fields observed during the field visits; a) Cotton in 2011/2012
and b) irrigated wheat in 2012/2013

During the field visits, it became clear that there is a typical growing season for each
crop. For the summer crop season, cotton, sorghum and groundnuts shared the same season
but in di fferent growth stages. Besides, there was di fference in crop growing stage due to
delay in sowing date. During the winter crop season wheat, cotton and sunflower were found.
All information collected in the field was digitized. T o navigate through the field a Geotac
pocket PC with GPS and ArcMap built in was used. It was very useful as it had the ability to
store the satellite images and create shapefile with the observed data. This allowed for real
time navigation in the field without the need of accurate topo graphical maps on sometimes

very small field tracks.

A.1.2 Irrigation system
Starting w ith the inl et point, a visit w as ¢ onducted to Sennar d am. Interviews w ith the

working engineers have been conducted to understand the method of measuring discharge. In
addition, daily data discharge data for recent years were obtained as it was not available at the

Ministry of Irrigation in Khartoum.

150



Appendix One: Field visit

Figure A.1-3. Sennar dam (a and b) and Gezira irrigation channel (main channel: ¢ and record
station: d)

The irrigation system has many hydraulic structures (i.e. barrages, weirs ... etc) to control the
flow. H owever, i tiso bservedt hatt he s tructuresareveryold andthereis alack of
maintenance. As c an be seen from Figure A.1-4, one of the gates of minor ¢ hannel are

controlled by wood sheet, which is inefficient for stopping the water.

o

Figure A.1-4. Basatna barrage (a) and the outlet is controlled by wood sheet (b)

The weeds problem was also observed during the field visit, Figure A.1-5. The weeds

covered one of the irrigation channels which are considered a problem of conveying the water
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through the system. As a result, farmers intend to use pumps to irrigate their crops. However,

there was an observation of removing the weeds and sediment from one of the minor channel.

a b

Figure A.1-5. Minor channel covered by weeds (a), farmers start using pump for irrigation (c)
and the removal process (b)

A.1.3 Collected data

1. Historical da ily and mean monthly climatic e lements ( maximum a nd mini mum
temperatures, wind speed, sunshine hours and rainfall) for the period 1961-2012 are
collected from Sudan Meteorological Authority in Khartoum.

2. Actual water supply data are obtained as irrigation discharge for the main channels
(Gezira and M anagel) from t he f ormer M inistry of Irrigation and W ater R esource
office in Wad Medani.

3. Crop yield data and cultivated areas with crop calendar for cotton, groundnut, wheat,
sorghum and ve getables f or t he pe riod 1970 -2010 a re acquired f rom the f ormer
Ministry of Agriculture in Khartoum.

4. Other data were collected during the discussion with the irrigation and agricultural

engineers and farmers during the field visit as shown in Figure A.1-6.
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Figure A.1-6. Discussion and obtaining valuable information from irrigation engineers and
farmers
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APPENDIX TWO

OBTAINED AND ANALYZED DATA

A.2.1 Seasonal crop evapotranspiration (ET,)
Table A.2-1. Seasonal crop Evapotranspiration in mm for the main crops

Year Groundnuts Sorghum Cotton Wheat

Year Groundnuts Sorghum Cotton Wheat

1961 904 770 1331 654
1962 812 706 1240 641
1963 862 748 1248 612
1964 883 749 1322 672
1965 907 782 1321 654
1966 962 839 1404 695
1967 905 783 1325 651
1968 918 807 1283 608
1969 942 836 1250 565
1970 927 805 1318 637
1971 913 796 1222 550
1972 968 844 1375 o664
1973 971 844 1324 619
1974 936 813 1322 635
1975 896 773 1274 616
1976 934 820 1310 641
1977 966 837 1371 652
1978 924 794 1339 652
1979 9635 834 1385 669
1980 970 836 1400 683
1981 968 843 1339 626
1982 954 826 1387 681
1983 1040 900 1477 715
1984 1064 934 1427 657
1985 940 829 1278 598
1986 980 858 1424 708
1987 1034 898 1473 716
1988 948 821 1341 633
1989 1003 888 1383 651
1990 1141 1015 1455 631
1991 1029 901 1376 620
1992 921 807 1216 546
1993 1003 865 1393 643
1994 896 760 1256 585
1995 885 760 1220 551
1996 954 835 1278 583
1997 874 743 1299 642
1998 868 747 1271 638
1999 768 653 1155 593
2000 933 &16 1251 608
2001 983 861 1312 577
2002 921 804 1215 536
2003 963 816 1373 650
2004 1052 911 1466 684

2005 992 854 1450 727
2006 957 819 1376 661
2007 900 756 1338 659
2008 978 849 1373 648
2009 976 823 1448 711
2010 980 833 - -
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A.2.2 Monthly probability analysis for Wad Medani station
Table A.2-2. Monthly dependable rainfall analysis (1961-2010)

Month Propabilty

June

July

August

September

October

November

0.01
0.02
0.04
0.10
0.20
0.50
0.78
0.01
0.02
0.04
0.10
0.20
0.50
0.75
0.01
0.02
0.04
0.10
0.20
0.50
0.78
0.01

0.02
0.04
0.10
0.20
0.50
0.75
0.01

0.02

0.04
0.10

0.20

0.50

0.75
0.01

0.02

0.04
0.10

0.20

0.50

0.75

Return period
(year)
100.0
50.0
25.0
10.0
5.0
2.0
1.3
100.0
50.0
25.0
10.0
5.0
2.0
1.3
100.0
50.0
25.0
10.0
5.0
2.0
1.3
100.0
50.0
25.0
10.0
5.0
2.0
1.3
100.0
50.0
25.0
10.0
5.0
2.0
1.3
100.0
50.0
25.0
10.0
5.0
2.0
1.3

Rain (mm) Std. (mm)

83.3
74.0
64.5
51.1
40.0
22.2
10.6
297.0
259.4
2223
173.4
135.4
79.7
47.3
260.9
240.3
2182
185.4
156.1
103.9
65.5
109.1
99.7
89.8
75.3
62.6
40.4
24.6
78.6
66.2
54.3
39.2
27.9
12.2
3.7
43
2.8
1.7
0.8
0.4
0.1
0.0

14.4
11.0
8.1
52
4.0
31
2.6
67.6
48.0
323
18.7
14.4
10.6
6.8
28.8
234
18.5
13.3
10.7
9.1
8.8
13.3
10.7
8.3
59
4.6
3.9
3.6
24.8
16.6
10.4
5.8
4.9
33
1.8
56.2
343
19.0
6.1
0.4
3.8
4.7
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A.2.3 Monthly probability analysis for Wad Medani station

Month Probability ;l}::il:;ln 2::::) Month  Probability l;:ﬂ'ﬁ&’ (l:;lrlnn)
0.01 100 19.48 0.01 100 74.63
0.02 50 12.77 0.02 50 62.42
0.04 25 7.98 0.04 25 50.43
T 0.1 10 3.86 2 0.1 10 34,93
2 02 5 1.95 = 02 5 23.45
0.333 3 1.03 0.333 3 15.12
0.5 2 0.53 0.5 2 8.51
0.75 1.3 0.19 0.75 1.3 1.85
Return Rain Return Rain
Month Probability period (mm) Month Probability period (mm)
0.01 100 83.29 0.01 100 296.62
0.02 50 74 0.02 50 263.28
0.04 25 64.45 0.04 25 228.14
= 0.1 10 51.11 2 0.1 10 178.57
2 02 5 40.04 S 02 5 138.12
0.333 3 30.84 0.333 3 106.07
0.5 2 22.2 0.5 2 78.22
0.75 1.3 10.55 0.75 1.3 45.82
Return Rain Return Rain
Month Probability period (mm) Month Probability period (mm)
0.01 100 264.16 0.01 100 110.88
0.02 50 242.75 0.02 50 101.08
- 0.04 25 219.75 = 0.04 25 90.67
?n 0.1 10 185.82 g 0.1 10 75.53
é 0.2 5 155.8 % 0.2 5 62.38
0.333 3 129.36 2 0.333 3 51
0.5 2 103.1 0.5 2 39.92
0.75 1.3 65.11 0.75 1.3 24.33
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Return Rain Return Rain
Month Probability period (mm) Month Probability period (mm)
0.01 100 83.62 0.01 100 4.33
0.02 50 69.76 0.02 50 2.79
g 0.04 25 56.25 = 0.04 25 1.71
2 0l 10 38.97 T 01 10 0.8
g 0.2 5 26.37 E 0.2 5 0.39
0.333 3 17.39 z 0.333 3 0.2
0.5 2 10.44 0.5 2 0.1
0.75 1.3 3.74 0.75 1.3 0.03
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APPENDIX THREE

ENERGY BALANCE MODELS (SEBAL AND METRIC)

A.3.1 SEBAL and METRIC manual

A.3.1.1 Downloading Landsat images

1. Go to http://glovis.usgs.gov/ website

Select the study area for Gezira (path 173 and row 50)
Select the date or the period (e.g. start from March, 2011)
Make the Cloud cover = 0% or max 1%

Select the available images by add them to the list

wkwhn

A.3.1.2 Image initial preparation

After extracting the bands from the ZIP file, ERDAS Layer Staking tool is used to convert
the separated images to one image (multi bands). For Landsat 5 images, layers from 1 to 7 are
added while for Landsat 7 bands 1to 5, 61 ' and 7 are utilized. For the latter sensor, a pre-

process gap-filling is done using the nearest-neighbor statistical method as shown in Figure
A.3-1.

Figure A.3-1: Landsat gap filling using

" The recommended band to be used is B61 = band 6L (low gain)
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A.3.1.3 Energy balance equation

To solve the energy b alance e quation (AET = Rn — G — H), the main parameters have to
calculated as following.

A.3.1.3.1 Calculate R, the net radiation flux at the surface (W/m2)

Figure A.3-2 shows the flow chart of the required parameters to get R,,. There are 4 main
components with 9 models has to be built to compute R,.

Ro=(1-0)Rg, + Ry - Ry - (1-€9)Ry,

model FO2 C
Surface Incoming Qutgoing Incoming
albedo shortwave longwave longwave
o R:;.| Rt,; R],_],
model FO4 spreadsheet model FO8 spreadsheet

. .

—
Albedo-top of
atmosphere

Surface
temperature

Olioa
Surface Ts
moadel FO3 emissivities
Eng & Eo madel FO7
model FO&8
Reflectivity
Pa
model FO2
NDVI
SAVI
LA
Spectral
radiance model FOS
La

model FO1

Figure A.3-2: Flow Chart of the Net Surface Radiation Computation.

A. Surface Albedo () (Models 1 to 4)

1. Model 01 (Specral Radiance (L,))

The following equation is built in Model Maker in Erdas imagine software. The equation is
obtained from Landsat handbook (2007)

_ LMAX — LMIN
* | OCALMAX — QCALMIN

J X (DN — QCALMIN) + LMIN

Getting Lmax, Lmin, QCALmax and QCALmin from the header file of the Landsat image.
The values are FIXED forall Landsat 7 images for the study areca. Run Model f01 then

specify the output location. To ease the procedures, the output file is named as 1-Ir.tif.
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B cfprogram Bes/endas/erdas deskt

et/ 3-sebal mod.. = [

S,

File Edt Model Tea Process Help [
SEO0WdS ¥ @ A £ HH
= =
= Input =
= =
,.|_m:ﬂ£_um
] Yan
Linin J_»( ]lqllatinn}& r
L
|\ g

5 Cutom_ Figet_Cistom_Flost ‘,]f_m.m,,_pmwm_.mlwuw

Output

Whh

n3 1

Fit the entire madel within the window.

Equation: (($n4_Custom Float - $n5 Custom_ Float)/254) * ( $n1 PROMPT USER - 1)+

$n5 Custom_Float

2. Model F02 (reflectivity for each band (p,))

T eL,d?
ESUN, « cosflg
e L =1-Ir.tif

pp=

e ESUN, is the mean solar exo-atmospheric irradiance for each band (W/m /um),

Table 6.3. ESUN, for Landsat 5 TM (Markham and Barker, 1986), and for Landsat 7 ETM+

(Landsat 7 Science User Data Handbook Chap.11, 2002), both are in W/m/um

Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7
Landsat 5 1957 1829 1557 1047 219.3 74.52
Landsat 7 1969 1840 1551 1044 225.7 82.07

Note: a dummy value of 1 is entered for band 6.
e Cos 0 =0.755 and d Earth-Sun distance in astronomical units = 1.024 From the Excel

sheet
e Pi=23.142857

The output of this is 2-pr.tif

($n7_Float * $n1_1 * $n5_Float * $n5_Float)/($n4_Custom_Float * $n6_Float)

2
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qrin Fles/erdas/erdas deskiop 2011 elc/modele/i-sebal | =,
& cprogram .. [l

File Edit Model Ted Process Help

SEO0WdS ¥ @ A £ HH

T T
= = .
= = B
z £
= = L |
A ATl
P
ESUN d
na_CLumem_Fioat e N
$07_Flost * $nl |;ino«-¢r§\rbulf & Floak
<7 - | Cos(thew)
= =
= =
- -7 w_Flasl

3. Model F03 (albedo at the top of the atmosphere (0y,,))
Oltoa = Z (O, * p',x}

Where: p; reflectivity for each band the output of this is 2-pr.tif
w).1s the weighting coefficient from the following table
Table 6.4. Weighting coefficients, @;,

Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7
Landsat 5 0.293 0.274 0.233 0.157 0.033 - 0.011
Landsat 7 0.293 0.274 0.231 0.156 0.034 - 0.012

Note: a dummy value of 0 is entered for band 6.
Then make Stack SUM to be a one layer
The output is 3-atoa.tif

$nl_2 * $n2_Custom_Float; STACK SUM ($n4_memory)

i c/program lesendas/end dels/3-sebal smod... | = [
File Edt Model Ted Process Help
EE 0SS ¥ LB R £

= =
rcfectivity 2408
= e

Az
ighting cocfficient __ .
WP
n2_Custom_fost —

= =
= Outputl ==

.

1A% S

< =
Top Albedosr
2 _Jatoa ==

M2 3
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4. Model F04 (Surface albedo (1))

oy —C path_radiance

2
T

W

o =

Where: o4, is the output is 3-atoa.tif
Olpath_radiance 1S @ constant = 0.03 based on Bastiaanssen (2000)
Tsw 1S the atmospheric transmissivity which is calculated from:

Tw=075+2 <107 x z
Where; z is the elevation above sea level (m).
Here Z is the digital elevation model (DEM) (above sea level). Surface albedo takes the range
from 0.1 to 0.8.
Tsw = 0.75+(0.00002 * $n2_dem gez)
Surface albedo = ($nl_3 - $n6_Float)/($n5_memory * $n5_memory)

W clprogram bles/erdas/erdas deskiop 2011/ elc/models/3-sebal models/se.. |- o [
[File Edt Model Tem Process Hep - ]

SE 0S8 & | A £ LD

P
\\ L
hpath_radianc . R o TN
e - / Y
ot Fos

. Tz
Few outpuiiE— \ Tow | |
3 = N J

Y
7
P
&
5
H
A
AN
N
I’
i

hS e -

w_z]f/‘_r-.wy oF_memoty T

Curt the Selected Okjects fram the Mode!

B. Incoming Shortwave Radiation (RS))

Rs; = Gsc * €OS 6 = dr * Tsw
Where:
e Gsc is the solar constant (1367 W/m2),
e cos 0 is the cosine of the solar incidence angle as in step 2 above,
e dris the inverse squared relative earth-sun distance, and
e tsw is the atmospheric transmissivity.

This calculation is done with the SEBAL/METRIC spreadsheet.
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C. Outgoing longwave radiation (R _t)

Outgoing longwave radiation (RLt) is computed using the Stefan-
Boltzmann equation with ac alculated surface e missivity and
surface t emperature. Surface t emperatures a re computed from
satellite ima ge inf ormation on thermal r adiance. The s urface

1

<

Ting QOutgoing Incoming
wave longviave longwave
sl Ry 1 R; Al
Isheet ) model FO& i soreadsheel

/‘

Surface
temperature

4 urface Ts
emissivity is the ratio of the actual radiation emitted by a surface orisietios l ’
to that emitted by a black body at the same surface temperature. Exp o )
.. . . . . modal FO&
The emissivity is computed as a function of a vegetation index. | k
Starting with the vegetation indices, Model FO5 are utilized.
NDVI
SAVI
5. Model F05 (NDVL, SAVI and LAI) "
e ciprosram b jerdans dmsitop 201 - e

P feit Mosel Test Process Hep

s 0ES @l A 5 [BF
Normalized Difference Vegetation Index (NDVIT)
Soil Adjusted Vegetation Index (SAVI) w/ L = 0.8
Leaf Area Index (LAI) 15 calculted m general equation

'\'."" -».:_) .
= Z loputlmage
> (6-band reflectance Landsat Image)

VHUM _USER

= i /

= = [

= = A =

= = \ J i TR
= = >

h_FROMPT_USER

1. NDVI

The NDVI is the ratio of the differences in reflectivities for the near-infrared band (p4) and
the red band (p3) to their sum:

NDVI = (p4—pa) / (ps + p3)
where; p4 and p3 are reflectivities for bands 4 and 3 and are output image from model F02.
model f05 (ndvi-savi) 1.gmd is used and the output is 5S-NDVLtif
($n1_PROMPT USER(4) - $nl PROMPT USER(3))/ ( $nl PROMPT USER(4) +
$n1l PROMPT USER(3))
2. SAVI

The SAVIis an index that attempts to “subtract” the effects of background soil from NDVI

sot hati mpacts of s oilw etnessa re reducedi nt hei ndex. It isc omputeda s:

SAVI = 1.5 X 222
0.5+p4+p3

where; L is a constant for SAVI.
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(1.5) * (($n1_PROMPT USER(4) - $n1 PROMPT USER(3))/ ($n1 PROMPT USER(4) +
$nl_PROMPT USER(3) +0.5))
3. LAI

LAI is computed for southern Idaho using the following empirical equation:
(0.69—SAVI,, )
\ 0.59
091
(LOG ((0.69 - $n6 PROMPT USER)/0.59))/-0.91

In

LA =—

6. Model F06 (Surface emissivity (g))

Surface Emissivity (&,)

The surface emissivities are computed in model FO6 using the following empirical
equations, where NDVI > 0:

eng = 0.97 + 0.0033 LA for LAl <3 (16a)
gp = 0.95 + 0.01 LAI; for LAl <3 (16b)

and eyg =0.98 and g;=0.98 when LAl = 3.

For water and snow we use "filters” in the model to set the value of ey and &;:
e Forwater: NDVI<0and o <0.47, eng =0.99 and g, = 0.985
e Forsnow; NDVI<0and a =047, eng = 0.99 and g, = 0.985

7. Model FO7 (Effective at Satellite Temperature (T),;))
Tbb is calculated from the following equation from Landsat Handbook (2007)
K2

lﬁi—ﬂ)

where K; and K, are constants and obtained from the following table:

T =

Table 1. Constants for Equation 19 for Landsat 5 TM in mW/cmz/sr/pm (Markham and
Barker, 1986), and for Landsat 7 ETM+ in W/mz/sr/pm (Landsat 7 Science User Data
Handbook Chap.11, 2002)

K1 K2

Landsat5 TM Band6 607.76 1260.56
Landsat7 ETM+ Band6 666.09 1282.71

The L¢ used file is 1-Lr.tif by using Band no 6. The output file is 7-Tbb.tif.
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o cprogram b ferdns desktop 7011/t /modely-cels_ i lh S

le Edt Model Tedt Process Help

s 0E& @ A # [F

LT,
Hmrl.@aﬂﬂnrc-l.ﬁiﬁl) 6
£ =

1 nl}1
Kl
d_Flast ‘{(cquminn \|
TN .f'l
L ’> P LG
= ]

Opper sy Existang Model Fil

$n4 Float/LOG ( 1 +($n3 Float/$nl_1(6)))

8. Model F08 (Surface Temperature (T;))

The surface temperature is calculated from

T, =8
X 8;]_25
The Ty, and eo used files are 7-Tbb.tif and 6-¢o.tif, respectively. The output file is 8-Ts.tif.

o ciprogram drsiteg T e el st | i) L2

le Bt Model Tet Process Help

#
s 0E& @ A F [F

— T
= e - -
= : = =
- Thb .45,' > 0 =
= = =z

"\ T

LS S
b} o
“ /
b e ¢
p \

$nl 7/($n2_6 POWER 0.25)

9. Model F09 (Outgoing Longwave Radiation Ry ;)

Outgoing Longwave Radiation Ry ; is calculated from:
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RLT=ED’V'GXTS4

Where: eo is 6-co.tif, T is 8-Ts.tif and ¢ is Stefan-Boltzmann constant (5.67 x 10° W / (m* —
K*). The output file is 9-RL.tif.

W iproram He/erda e desktop F011 et mocely -t L
le Gt Model Test Process Help

#
s O0OE8 @ A 2 4

@
o
=4
\ /
\siyis /
WY

Copy the Sebestes] Chyects te the Paste Bubler

(5.67 * 10 POWER -8) * $n2 6 * ($n1_8 POWER 4)

D. Choosing the “Hot” and “Cold” Pixels

The SEBAL/METRIC process utilizes two “anchor” pixels to fix boundary conditions
for the energy balance.

“Cold” pixel: a wet, well-irrigated crop surface with full cover Ts= Ty

“Hot” pixel: a dry, bare agricultural field ET~=0

Cold pixel:

The selection of the first pixel is for SEBAL as recommended by Bastiaanssen et al.
(1998a). The cold pixel is generally selected from a water body. Herein, it is assumed
that ETa = Rn — G where H=0.

The s econd s election of the c old pixel for M ETRIC, as followedby Allenetal.
(2007a), is well-irrigated field. It presumes that the ETa at the cold pixel is closely
predicted bythe E Ta rate fromal arge expanse of alfalfa ve getation. Therefore
assume that ETa = 1.05 ETr, at the cold pixel, where ETr is the rate of ET from the
alfalfa reference. Then, H for the cold pixel is calculated as H =Rn — G — 1.05 ETr.

Steps to identify cold pixels using ERDAS:

1.

Open the image or subset image and view it in true color (layer combination of 3,2,1)
and in false color (layer combination of 4,3,2). This is in viewer no 1. Then select new
viewer from File>New>2D view “Viewer no 2”.
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ﬂ Home Manage Data Raster Vector Terrain Toolboy

N Create a New Window

.. Map View..
Y/ Open b U“ Create a new map view
\ y
= \( Recent 1 2D View..
e B Create a new 2D view
1 |

2. Open the T image in Viewer no 2 with the Pseudo Color option. Link the two images

from button in any viewer. Then from Link viewer select Synic views

Link |Equalize o
Views | Seales < Clear Vie

N Align Ne

o | Link Views

‘I Spectral Link Views

3. On the T image use “Raster — Attributes” to observe the range of T values.
4. Make a first guess for T | by looking at some fully covered agricultural fields (dark

green in true color and red in false color). Insert a color gradation around the selected
temperature.
5. View the colored T image and select a point that represents a “cold” (wet) agricultural

field. Do not select an extreme cold point but one thatis representative ofa w ell-
watered full c over crop. F or the b est results, the c old pi xel should have a surface
albedo in the range of 0.22 to 0.24 (corresponding to a full covered reference alfalfa
field). It should have a Leaf Area Index in the range of 4 to 6 (corresponding to full
covered agricultural field).

6. Observe other areas of the image for similar temperatures.

7. Select T |, from a pixel in the center of the chosen field that represents a very cold, but

not extremely cold, point in the image.
8. Record the coordinates and temperature of the “cold” pixel.

Hot pixel:
e The hot pixel it is assumed no ETa is occurred. Therefore, Hpoy = Rn — G. The pixel is
utilized for the both Models SEBAL and METRIC
e The “hot” pixel should be located in a dry and bare agricultural field where one can
assume there is no evapotranspiration taking place. It is recommended that one NOT
use a hot desert area, an asphalt parking lot, a roof, or other such extremely hot areas.
Steps to identify hot pixel using ERDAS:
1. Repeat the first 3 steps of selecting the cold pixel.
2. The “hot” pixel should have a surface albedo similar to other dry and bare fields in
the area of interest. It should have a LAI in the range of 0 to 0.4 and NDVI (0.13 to
0.18) is for bare soil.
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E. Incoming Longwave Radiation (Ry,)

RL1=Ea>’-UXTa4

where:
265

o £=108x(Int )

e where: Tow=0.75+2x10" xz
level (m) 401.248 m.a.s.l.

where: z 1s the elevation above sea

-8 2 4
e o is the Stefan-Boltzmann constant (5.67 x 10 W/m /K )
e T, is daily average temperature in Kelvin

F. Solving the Surface Radiation Balance Equation for Rn

10. Model F10 (Net Surface radiation Rn)

‘ R, = (1 -oc)de + R|_1 - R.|_: - (]'E[I)P\I.l }
,/J ‘\‘\
el T
Surface Incoming Qutgeing Incoming
albedeo shortwave longwave longwave
o R, R;; Rl.;
model FO4 soroadshoot model FOB soreadshoot

Where:
1. a: Surface Albedo from Model04 (4-a.tif)
RS|: Incoming shorwave
RL|: Incoming Longwave
RL71: Outgoing Longwave from Model09 (9-RL.tif)
€o: Surface Emissivity from Model06 (6-¢eo.tif)

nkwb

2
Values for R _can range from 100 — 700 W/m , depending on the surface. This completes the

first step of the SEBAL/METRIC procedure. The output file is 10-Rn.tif.
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A.3.1.3.2. Soil Heat Flux (G)

11. Model F11 _ (Soil Heat Flux (G))
G L (0.0038c +0.0074 02 |1~ 0.98D77 )
R, « Where:
Ts: Surface Temperature from Model08 (8-ts.tif )
a: Surface Albedo from Model04 (4-a.tif)
NDVI: NDVI from Model05 (5-NDVL.tif )

Rn: Net Surface radiation from Model10 (10-Rn.tif")

Sl

Here, G/Rn ratio is calculated. Besides, there are some filtration procedures in this equation.
IfNDVI < 0; assume clear water, G/Rn = 0.5 and If Ts < 4 °C and o > 0.45; assume snow,
G/Rn = 0.5. The output file is 11- G.tif.
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G/Rn=($nl_8 - 272.15) * ((0.0038 * $n2_4) + (0.0074 * $n2_4 * $n2_4)) * (1 - (0.98 *
$n3 5 POWER 4)) / ($n2_4)

Condition = CONDITIONAL { ($n3 5<0)0.5, ($n3_5>=0) $nl1 _memory ,
($n16_memory <1) 0.5, ($n16_memory > 0) $nl1_memory}

G=$nl18 11 *$n4 10

A.3.1.3.3. Sensible Heat Flux (H)
H=(pxcp=dT)/ran

p=1.225 kg/m3, c, is air specific heat (1004 J/kg/K), dT (K) is the temperature difference (T —

T,) between two heights (z, and z,), and r is the aerodynamic resistance to heat transport (s/m).

By using SEBAL spread excel sheet and Erdas Modeler, the next steps have to be calculated:

1. The m omentum r oughness length (z ) is em pirically estimated from t he av erage ve getation

height around the weather station using the following equation (Brutsaert, 1982): z = 0.12h
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Appendix Three: Energy balance models (SEBAL and METRIC)

z = 0.015 is chosen for this calculation.

2. The Wind speed (200m)
3. The momentum roughness length (Zom)

12. Model F12_ (momentum roughness length (Zom))
Zom is calculated from each pixel using Model12 from:

Zom = €Xp (—5.809 + 5.62 SAVI) The output file is 12-Zom.tif.

4. The friction velocity (u*) and Aerodynamic Resistance to Heat Transport (rah)

13. Model F13_ (The friction velocity (u*) and

Aerodynamic Resistance to Heat Transport (r,p))
A. The friction velocity (u,) is calculating from:

!

~om/ For each pixel using the ERDAS Model Maker tool.
K=0.41

Zx =200 m

Uppo = 4.235 (m/s)

Zom = 12-Zom .tif

e o o

The output file is 13-Ustar .tif.
B. Initial Aerodynamic Resistance to Heat Transport (r,,) from:

ln(z—zJ
Z]

ux XK For each pixel using the ERDAS Model Maker tool.
K=0.41

Zz =2m

Z] =0.1m

U* = 13-Ustar .tif

Fah =

/e o op

The output file is 13-rah.tif.
5. Near Surface Temperature Difference (dT)

The dT is calculated from dT =b + @Ts where a and b are constants calculated from
SEBAL PreCalc Auto Iteration H V3.xlIs and Ts is the Surface Temperature. dT needs
the following parameters to be calculated:
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1. datum Elevation 0 S.M.L b. Elevation DEM

2. Day of Year header file c. Cos(theta) header file
3. Temperature lapse rate Const 6.5 d. T  ransmit-tance | Calculated

(tsw)

4. Windspeed 200m 4.235 e. Albedo Arc

5. Inst Etr 0.11 Calculated f. NDVI Arc

6. Following for Cold & Hot: g. LAI Arc

a. Coordinates (X,Y) Sec D, pg6 h. Ts Arc

dT as well as a and b constants are within the following steps:
a) Reference Evapotranspiration (ETr):

Form the header image file, the scene center scan time of the image is 07:58:16.7410690Z
in Greenwich M ean T ime (GMT). S udan doe s not ope rate D aylight-Saving T ime and
Sudan Standard Time is 3 hours ahead of (GMT+3). It means that the scene center scan
time of the image is 10:58:16.7410690Z in East Africa Time Zone (EAT).

Instantaneous ETr was calculated using the REF-ET software. It is assumed that the ETr
for 10:58 is the same as 9:00.

b) From ArcGIS get the required information for Hot and Cold Pixels

€9 Identify
Identify from <Visible lay{

=~ DEM_muslimiz-wasat tf

i hea3gt

=) Bmuslimiz-wasat_ts-109121

| L.310.845093

B Smuslimia-wasat_lai-109121

E!--5rmu5|\miawasat_ndvi-1091]

i L-0.165283

B 4muslimiz-wasat_suface alt
L 0182280

—

EGEIEL

c) From the excel file Param2 17-11-2004.x1s

Input the parameters then you get a and b constants a =-0.10179, b = 38.7634

14. Model F14 (Sensible Heat Flux (H))

The sensible heat flux (H) is calculated from 1 = (P * Cp > dT) / Tah yhere:
p=1.225 kg/m3, c, is air specific heat (1004 J/kg/K), dT (K) =b + aT, (T = 8-ts-.tif), and
r, = 13-rah.tif

Please note herein that, there are two H values obtained, one for SEBAL and the second
for METRIC. This is due to the selection of the cold pixels.
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Open an Exigting Model File

H=$n10 Float * $nl11_Float * $n8 14 /$n2 13

A.3.1.3.4. Evapotranspiration (ET)
C. Instantaneous ET (ET, ) and Reference ET Fraction (ET F)

15. METRIC Model F15 (Instantaneous ET (ET;,) and

Reference ET Fraction (ET,F))
1. Instantaneous ET (ET, )

inst

ET,., =3600

Where: ETiyg is the instantaneous ET (mm/hr), 3600 is the time conversion from seconds to
hours, Rn = 10-*** rn.tif, G = 11-*** gtif, H = 14-*** h.tif and Lambda () = {2.501 -
0.00236 ( Ts - 273)}"‘106 (J/kg). Where: T s =8 -*** t stif. T he o utput fileis 15 -
*#% BTinst.tif.

2. Reference ET Fraction (ET F)

ET

inst

Rn—G-H

nsi

ETrF =

.
where: ETinst = 15-*** ETinst.tif. The output file is 15-*** ETrF.tif.

3. 24-Hour Evapotranspiration (ET,4)

Daily value of ET (ET24) is calculated from ETy = ETTFXE ‘Tr'_l-‘r

where: E trF = 15-*** ETrF.tif and E T, 54 is the da ily r eference ev apotranspiration from
REF-ET programe. METRIC computes the ET,, by assuming that the instantaneous ET F

computed in model 15 is the same as the 24-hour average.
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C. Instantaneous ET (ET, ) and Evaporative Fraction (EF)

15. SEBAL Model M15 Evaporative Fraction (EF)

Evaporative fraction A, which is the ratio of latent heat flux over available energy

 __ME__ MaE
“ T AE+H =~ R,—G,

Where: AAE = Rn-Go-H

16. Model M16 Evaporative Fraction (EF)

The daily actual ET is calculated based on the combination of the following equations:
ARH day

28.588
The net radiation is aggregated as daily net radiation (Rn-day) as following:

Ruday = (1-1.10)K | gy - 110740y

J{Eda}. =

The daily income shortwave radiation (k| day) 1s calculated from the following equation:

K La’ay = 11.5741 Tafa}..Kfm |-day

Table 8: Alternative Coefficients Pertaining
to Country-Wide Equations (Linear)

Month C; (o *R?

January 0.255  0.483 0.600
February 0.158° 0.611  0.554
March 0.238 0.543 0.667
April 0.204 0.566 0.704
May 0.241 0.514 0.704
June 0.288 0.461 0.670
July 0.294 0.450 0.725
August 0.307 0.413 0.547
September 0.250  0.503 0.661
October 0.161 0.597 0.674

| November 0.190 0.557 0.547|
December 0.162° 0.607 0.477

T35 (17-Nov-2004) = 0.19 + 0.557 (0.91)
Tday  0.701532

24 . . T
K oy = — GscE,sindsing lﬁ Ws — m“nwsl

(4.26)
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where Gsc is the solar constant= 0.0820 (MJm-2 min-1), ®s is the sunset hour angle (rad), Qs
the latitude (rad),and o is the solar declination (rad). The conversion from decimal degrees to
radians is given by:

Radians = n/180 (decimal degrees)

O s the latitude (rad)

0 = 0.409sin(2n/365 J— 1.39) (5.121)

ws = arcos [-tan(p)tan(o)] (5.12¢)

Where J isthe number of the day in the year between 1 ( 1 January) and 365 or 366 ( 31
December).
Equation 4.26 is calculated using the excel sheet

Ktopday = Ho (MJ/m-2)

30.09227
Sample calculation (Gezira)
solar sunset hr
Day -declination - angle, ws So (hrs)
() (°} (rad) Ho (MJ/m-2)
1- -19.82109039- -0.09322 1.477445 11.28685 38.53112 0.90682> -0.12543 30.09227

4. Seasonal Evapotranspiration (ETseasonal)
A seasonal evapotranspiration map can be derived from the 24-hour evapotranspiration data
by extrapolating the E T,, proportionally t ot he r eference e vapotranspiration ( ET) b y

assuming that the ET for the entire area of interest changes in proportion to the change in the
ET at the weather station.

1. The first step is to decide the 1ength of the season for which ET is desired (i.e.,
March 1 to October 31).
2. The second step isto determine t he pe riod represented by each satellite i mage

within the chosen season (i.e., if the first two images for the above season are on
th
March 15 and April 8, then the period represented by the March 15 image would

be March 1 to March 27).
3. The third step is to compute the cumulative ET for the period represented by the

image. This is simply the sum of daily ET, values over the period. These 24-hour

values can be computed using the University of Idaho REF-ET software described
in Appendix 3. The same ETr method must be used through the SEBAL process.
ETr should represent the alfalfa reference ET, which is a larger value than for the
clipped grass reference (ETo).

4. The fourth step is to compute the cumulative ET for each period as follows:

ET - E]—;'Fpe?'md ZET}'—H
1

period

174



Appendix Three: Energy balance models (SEBAL and METRIC)

where; ETererio 4 is the representative ET F for the period, ET_,, is the daily ET , and n is the
number of days in the period. Units for ETperiod will be in mm when ETr , is in mm/day.

5. The fifth step is to compute the seasonal ET by summing all of the ET__.  values
period

for the length of the season.

The f ollowing di fficulties e ncountered i nt he ¢ omputation of s easonal E T m ust be
understood:

1. Ifthereissome cloudcoverinone of theimagesused forthes easonal ET
computation, then there canbe no E T or ETF values represented for this area

during the period represented by the image. One can assign ET F values to the
cloud-covered areas by interpolating between the ET F values for the images on

either side of the cloud-covered image.
2. When the ET at the weather station is not representative of the entire area (i.e.,

where the image spans many mountain valleys or includes both coastal and inland
areas ha ving di fferent e ffects from cl ouds or wind that ar e not w ell cor related
across the image), then the image should be broken down into sub-images, each
with its own value of ET . In this situation, simple SEBAL runs should be made

for each sub-image.

3. If an agricultural field is dryont he day ofthe image and is then irrigated on a
following day, the increase in ET for this field during the representative period of
the image will not be considered in the computation of seasonal ET. This problem
can be mini mized if m any s atellite ima ges a re us ed for the c omputation of
seasonal E T with each image representing a s horter time period. One can also
apply a water balance model to each pixel that includes irrigation and precipitation
as mputs.
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