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Abstract 
 

90% of Jordan is covered in a semi-desert area called the Badia, an Arabic word describing the 

land where Bedouins live. Many Bedouin families still live semi-nomadic lifestyles and practice 

seasonal grazing with sheep and goats. Although only 6.5% of the Jordanian population lives in 

the Badia, it hosts over 85% of the country's livestock. Due to changing climatic conditions and 

overexploitation of natural resources by humans, land degradation has decreased the palatable 

dry biomass production of the Jordan Badia by half from the 1990s to 2010. However, with 

appropriate management strategies, the Badia can be rehabilitated. One such strategy is the 

implementation of mechanised Micro Water Harvesting (MWH). By accumulating and storing 

rainwater and planting vegetation in the Badia, atmospheric carbon can be captured in the soil, 

carbon sequestration. Carbon sequestration is a promising method to reduce atmospheric carbon 

concentrations. By storing carbon in the soil, soil health, water availability, and fodder for 

livestock improve as well. 

This study aimed to refine the method of Hall (2021). The new method is able to, with freely 

available data, quantify the potential amount of carbon sequestration location specific when 

MWH is implemented on a large scale. The following procedures were executed to meet the 

aim: (1) with a GIS-based approach and ISRIC data sets performed a land suitability evaluation 

based on FAO classifications, (2) the density of potential MWH structures was mapped based 

on the CHIRPS rainfall dataset and the Curve Number method and (3) field data was combined 

with climate data for the modelling of carbon stocks using the RothC-26.3 model. 

Combining these three procedures resulted in the potential sequestration of 0.48 Mt and 1.1 Mt 

of carbon in 20 years by using MWH on a large scale in the Badia. Between 9.5 and 16.5% of 

the Badia is suitable for structures with a spacing between 4-25 meters. The results demonstrate 

where and how much carbon potentially can be sequestrated, which is essential information for 

decision-makers. Improvements can still be made in the method for more accurate sequestration 

values.  
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1. Introduction 

1.1 Background 
Drylands are areas of land which receive a relatively low amount of precipitation. These arid regions 

cover about 45% of the Earth's land surface (Schimel, 2010) and are home to more than 38% of the 

global population, 90% of whom live in developing countries (Reynolds, 2007). They occur on every 

continent and span a diversity of cultures and landscapes. Drylands are defined by the aridity index (AI). 

The aridity index measures the ratio between average annual precipitation and total potential 

evapotranspiration. Land areas with an AI lower than 0.65 are arid regions. Drylands are subdivided 

into four categories (figure 1): hyper-arid deserts (<0.05), arid (0.05-0.20), semi-arid (0.20-0.50) and 

dry sub-humid (0.50-0.65) (FAO from UNEP-WCMC, 2007). Drylands primarily have three economic 

functions: rangelands (65% of the global drylands including deserts), farmland (both rainfed and 

irrigated) (25%), and sites for towns and cities (10%); this last category is growing rapidly (UN, 2011).  

 

Figure 1 The world's drylands and subtypes. hyper-arid deserts (<0.05), arid (0.05-0.20), semi-arid (0.20-0.50) and dry sub-

humid (0.50-0.65). Source: FAO from UNEP-WCMC (2007) 

The Middle East and North Africa (MENA) region is the most water-scarce region globally. In this 

region, 6.3% of the world population has access to only 1.4% of the renewable freshwater resources 

(Roudi-Fahimi, 2002).  

The dryland areas in the MENA region are vulnerable to land degradation due to water scarcity. Water 

scarcity also leads to sparse vegetation, withholding the soil from organic matter input and resulting in 

poor soil development. Poor soils have low infiltration capacity and soil aggregate stability and are 

prone to wind and water erosion and continued deterioration of the soil quality or health.  

Many of these drylands are used for livestock grazing by local populations, and large areas have 

become degraded, so there is an urgent need to rehabilitate the degraded land using sustainable land 

management to secure the livelihood of the growing population (Zdruli, 2014; Droogers et al., 2012). 

Jordan is an example of such a water-scarce country in the MENA region. More than 90% of the country 

is covered by the so-called Badia, an Arabic word identifying the land where Bedouins live. Many 

Bedouin families still live semi-nomadic lifestyles and practice seasonal grazing with sheep and goats. 

Although only 6.5% of the Jordanian population lives in Badia, it hosts over 85% of the country's 

livestock.  

With the rising challenge of higher food demands in combination with water scarcity and its negative 

effects on the soil, the Jordanian Badia requires new management strategies. One strategy is to combat 

the land degradation and rehabilitate the Badia with water harvesting structures (WH). WH is the 
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accumulation and storage of rainwater. It has been used to collect surface water or increase the 

replenishment of groundwater reservoirs to provide drinking water for humans and livestock, sustain 

irrigation, and increase the soil moisture to cultivate crops and sustain plant growth for food or fodder. 

(Oweis et al., 2017). 

1.2 Problem description 

1.2.1 Carbon sequestration as a solution 

Due to rising carbon dioxide emissions and it's well documented detrimental effect on water availebillity 

but also by, depletion of soil nutrients, premature- and over-grazing, and overexploitation of natural 

resources by humans, land degradation has decreased the palatable dry biomass production of the Jordan 

Badia by half from the 1990s to 2010. (Shawahneh et al., 2011; Myint and Westerberg, 2014).  

Carbon sequestration is a method to reduce atmospheric carbon by storing carbon in the soil. Both soil 

degradation and high atmospheric carbon concentration can be combatted by a method such as 

mechanized micro water harvesting (MWH).  

A study carried out by Hall (2021) 

performed a remote sensing study for areas 

that were found suitable for MWH. The 

study also calculated roughly the potential 

carbon sequestration in the Jordan Badia 

using the RothC-26.3 model. The results 

indicated that 51.20% of the country is 

suitable for implementing MWH structures 

(figure 3). This would lead to a 0.65 t/ha 

increase of carbon storage in the soil 

increasing the storage potential by 

2,973,100 tons.  

Although these are promising results, these 

calculations assume that all soils in the 

Badia are homogenous. However, not all 

areas are equally suitable for MWH 

because some areas lack sufficient rainfall 

or soils are too pervious for storing 

moisture. This results in areas with different 

successes of vegetation and thus 

sequestration values. Hence, the potential carbon sequestration as calculated by Hall (2021) may be 

overestimated. Soil quality is not only specified by the physical and chemical properties of the soil but 

also is heavily influenced by the composition of clay minerals and organic matter content.  

With this knowledge and available soil and climatical data, an MWH suitability classification of the 

Jordanian Badia is needed to conduct a more accurate potential carbon sequestration assessment and 

locate the areas where the most significant impact can be made.  

 

 

 

 

Figure 2 Suitable area for MWH from the study of Hall (2021) 
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1.3 Objectives  
This study aims to refine the work of Hall (2021) by developing a method that can quantify the potential 

amount of carbon sequestration specific to any particular location when MWH is implemented. In this 

thesis, the Jordan Badia is used as case study. To achieve this aim, the following objectives are set: 

I) Classify the Jordan Badia into different suitability categories for MWH (and thus carbon 

sequestration) based on physical soil and climatical characteristics.  

II) Determine optimal dimensions of the Vallerani MWH structures for successful plant growth 

based on the rainfall-runoff ratio.  

III) Quantify potential location-specific carbon sequestration for the Jordan Badia. 

1.4 Mechanized Micro Water Harvesting 

MWH is the accumulation and storage of rainwater. It has been used to collect surface water or increase 

the replenishment of groundwater reservoirs to provide drinking water for humans and livestock, sustain 

irrigation, or increase the soil moisture, which due to better soil health, in turn, can increase crop and 

fodder production allowing for more livestock (Oweis et al., 2017).  

The International Centre for Agricultural Research in the Dry Areas (ICARDA) is researching the effects 

of mechanised Micro Water Harvesting (MWH), also known as the Vallerani system. This is a cost-

effective and efficient solution to land degradation. It has shown promising results in previous studies 

(Sprong, 2019; Hall, 2021; Strohmeier et al., 2021). The Vallerani implementation uses a modified 

plough pulled by a heavy-duty tractor. The tractor follows the contour lines, and the plough creates a 

furrow about 20-30 cm deep (Figure 3A) and 4.5 m long. The excavated material accumulates on the 

downhill side, forming a ridge that stops and collects runoff (Figure 3B). When a furrow (pit) overflows 

from abundant rainfall, the water flows into the next furrow. Shrub seedlings are planted in pits along 

the ridges. With the moisture available, they can grow rapidly, helping to conserve soil and provide food 

for livestock.  

 

 

Previous research on the effect of MWH on soil water dynamics (Sprong, 2019; Strohmeier et al., 2021) 

shows that the water harvesting structures positively influence water availability in the soils by almost 

halving the period of water stress. This extra availability sustains higher daily evapotranspiration rates 

and reduces heat stress for the vegetation. The vegetation benefits the most from the extra moisture 

stored in the pits (shrub basin). Strohmeier et al. (2021) documented an expansion of vegetation in the 

upslope direction. New recruitment and the emergence of vegetation upslope may further enhance the 

soil moisture, at least during rainfall periods, through rainfall interception, surface runoff deceleration 

and local infiltration. 

Figure 3A Fresh Vallerani mechanized micro water harvesting furrow, Source ICARDA (left) and 2B (right) schematic 

overview of a micro rainwater harvesting structure. (Taken from Ali et al., 2010) 
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1.5 Carbon sequestration  
Several studies (Faloon et al., 2007; 

Cornelis et al., 2013) have proposed that 

these structures can also have the 

additional benefit of promoting soil 

carbon sequestration. Soil carbon 

sequestration (C-sequestration) is the 

process of turning atmospheric carbon 

dioxide (CO2) into soil organic matter 

(SOM) through photosynthesis (Jastrow 

et al., 2007), see Figure 4. It is well 

established that SOM is a crucial 

component of healthy soil, which is 

essential as it increases agricultural 

production and improves water quality 

(Ontl and Schulte, 2012). When 

vegetation biomass increases, it extracts 

CO2 from the atmosphere. Plants fix 

organic carbon in soils through debris 

roots and fluids, and soil fauna decays 

these residues into soil organic matter. 

Some of this SOM remains as soil organ 

carbon (SOC), and another part is 

released into the atmosphere as CO2. 

The potential of CO2 storage in soils is well documented, but sequestration amounts differ significantly 

by soil and land use type (Sleutel et al., 2003; Wiesmeier et al., 2014; Kelland et al., 2020).  

Soils contain approximately 2344 Gt SOC globally (Stockmann et al., 2013). Small changes in the soil 

organic carbon stock could result in significant impacts on the atmospheric carbon concentration. Soils 

have a large storage capacity, and enhancing soil storage by even a few percentage points could make a 

big impact. Over the last 10,000 years, agriculture and land management strategies have decreased SOC 

by 840 Gt globally. The historic loss of a SOC pool for the soils of the MENA region may be 6-12 Gt 

compared with the global loss of 66-90 Gt. assuming that 60 percent of the historic loss can be re-

sequestrated, the total soil carbon sink capacity of the MENA region may be 3-7 Gt. Estimated is 

potential carbon sequestration in the MENA region 0.2-0.4 Gt carbon per year (Lal, 2002). 

Figure 4 Soil carbon sequestration (Lavallee, 2020) 

https://images.theconversation.com/files/313841/original/file-20200205-149789-ahxxv8.png?ixlib=rb-1.1.0&q=45&auto=format&w=1000&fit=clip
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2. Study area 

2.1 Jordan 
This study was done on two levels. The first level 

is based on GIS analyses and was focused on the 

Jordan Badia, while the second level of research 

was based on fieldwork activities at the research 

site. 

Jordan, or formally the Hashemite Kingdom of 

Jordan, is a landlocked country that lies 80 km east 

of the Mediterranean Sea, between 29o 10'N – 33o 

45'N and 34o 55'E – 39o 20'E (Figure 5). It has an 

area of 89.329 km2 and a population of 11.2 million 

(Al-Homoud et al., 1995; Statistics Do. Statistical 

Yearbook of Jordan, 2022). Jordan is divided into 

two areas: the Badia and the non-Badia. This 

research is focused on the Jordan Badia, which 

comprises around 90% of the country's area. The 

Badia itself is subdivided into three regions: the 

Northern Badia, which comprises 35.7% of the area 

(25,930 km2), the Middle Badia, which comprises 

13.3% (9,634 km2), and the Southern Badia, which 

comprises 51.0% (37,096 km2). Jordan's climate 

ranges from a Mediterranean to a desert climate; the 

Badia region is, with a maximum of 200 mm 

rainfall annually, arid. Jordan has a unique 

topography. The Western part of the country has the 

world's lowest valley, with an elevation down to 

400m below sea level. To the East of the Jordan 

valley, mountain ranges reach up to 1500 metres 

above sea level. To the East of this mountain range 

is a semi-desert plateau that covers approximately 

80% of the country (Freian and Kadioglu, 2008). 

Yearly air temperatures fluctuate widely from a minimum average of 10℃ to 24.5℃, showing a strong 

inter-annual variability. Precipitation rates decrease from North to South, West to East, and higher to 

lower altitudes. Annual rainfall ranges from 250 to 450 millimetres in the North-Western area and 

reduces to below 100 millimetres in the East. In the South, precipitation can be as low as 50 mm 

annually.  

Figure 6 shows the land cover of Jordan. The Badia's surface mainly consists of chert plain, bare soil 

and basaltic plain. In the Jordan valley, there are some rainfed and irrigated agricultural lands. Next to 

the Jordan valley, in the North the so-called build-up areas are located as well. 

 

Figure 5 Aerial map composite of Jordan and Al Majidiyya 

research area. Source: Bingmap with the research site highlighted 
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Figure 6 Land cover map by Franceschini (2019), FAO Land cover Atlas 



14 
 

2.2 Research site 
In November 2016 a 28.6 ha large catchment (31°43'3.48"N / 36° 7'35.75"E) was treated using the 

'Vallerani Delfino-Plow' system (Antinori and Vallerani, 1994) for mechanized Micro Water Harvesting 

(MWH) implementation. This field is called Al Majidiyya (Figure 5) and is located approximately 30 

km to the South-East of Amman. The climate is arid (UNEP, 1992), with the average annual rainfall 

between 1999 and 2018 being 142.8 mm (Strohmeier et al., 2021). Most precipitation falls between 

December and February (Karrou et al., 2011). Over the past thirty years, the average daily minimum 

and maximum temperatures are 8.5°C and 25°C (Haddad, 2019). The local altitude is approximately 

850 m above sea level, and the average slope is 4°, indicating an area consisting of gentle slopes. Hilltops 

are eroded and rocky, while more downstream soils have deeper depths (exceeding 2.0 m). Soil type is 

a calcisol with a silt loam, silty clay loam, or clay loam texture (IUSS Working Group WRB, 2015) 

which is a widespread type in the MENA region (Zdruli, 2014). The land cover comprises rangelands 

with the sporadic presence of barley crops cultivated by local farmers for livestock fodder. Spontaneous 

vegetation cover is small and sparse, mainly consisting of small grass patches appearing during the rainy 

seasons in a few locations. Al Majidiyya was appointed by ICARDA as a research area for the effect of 

Vallerani structures on rangeland rehabilitation and is planted with native shrub seedlings, such 

as saltbush A. halimus. 

A. halimus plants are distributed widely in temperate and subtropical saline habitats (Mulas and Mulas, 

2004). A. halimus is characterised by high biomass production and high tolerance to drought and saline 

soils. (de Romero, 1981). The shrubs can provide a high quantity of biomass (leaves) during the dry 

periods because they are rich in protein and carotene. Le Houerou (1992) indicates that A. halimus can 

survive under rainfalls of 100-400mm per year . A. halimus is used as a means of combating 

desertification. Plants can fix atmospheric CO2 following the C4 biosynthetic pathway. When excreting 

salt from the soil through its leaves, A. halimus becomes a potential desalination plant, provided the 

material is removed periodically to prevent the salt from returning. A. halimus is tolerant to intense and 

brief grazing, when it can fully recover the year after being grazed (Valderrábano et al., 1996; Falasca, 

2013).  
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3. Methods  
 

Four main actions were carried out to quantify the potential carbon sequestration that corresponds with 

the research questions of section 1.3. the actions and their integration in the final action of defining the 

spatially specific carbon sequestration (step 4) are outlined in Figure 7. 

1: The Jordan Badia was classified into four categories indicating suitability for MWH. The 

classification was based on soil characteristics, water availability and slope. The three different shapes 

in Figure 7.1 represent different classes. 

2: The optimal spacing between two neighbouring MWH pits was calculated. The spacing depends on 

rainfall, the runoff, the pit capacity and the yearly amount of water. The optimal spacing directly 

determines the area of land that can be restored because only the soil in 'the pit' will be restored.  

3: Climatic, soil and biophysical inputs were gathered in the literature, and with fieldwork activities, the 

RothC-26.3 model was run for two locations in the study area, one where MWH has been present for 

five years and the other at an untreated site. The model, RothC-26.3, calculates carbon turnover in the 

top 23 cm of the soil.   

4: The suitability and optimal spacing were used to find the total amount of restorable area; with the 

results of the RothC-26.3 model, it was possible to estimate location-specific potential carbon 

sequestration amounts.  

 

Figure 7 Schematic representation of the workflow of this study divided into four main actions. 1: Suitability classification, 2: 

Optimal spacing, 3: Carbon sequestration calculations and 4: Spatially specific carbon sequestration. 
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3.1 Suitability classification for MWH structures 

3.1.1 Land suitability evaluation 

For the successful restoration of degraded land, utilising the best conditions for vegetation development 

is essential. Vegetation development depends not only on the amount of rainfall, the effectiveness of 

water harvesting, and the suitability of the vegetation involved but also on the ability of soils to maintain 

good conditions for sustainable vegetation establishment. To find the areas in Jordan with the best 

conditions, a suitability classification has been performed where land is classified from highly suitable 

to unsuitable based on five properties (Figure 8): pH, clay content, cation exchange, average yearly 

rainfall and slope at the specific location. Clay content is the most crucial parameter to determine the 

soil's water-holding capacity which is essential for water availability. pH and cation exchange are 

relevant to soil health parameters indicating salinity and mineral level. The slope was also considered 

as MWH needs slope for runoff. Slope steepness is limited by a tractor's ability to create the structures. 

The above properties were specifically chosen because of their data availability for the Badia (and the 

world) and their relation to soil health. 

 

Figure 8 Flowchart of Land suitability evaluation. Data were processed to determine land suitability. The input is first ranked 

from low to high against several criteria and then consolidated. Data is then reclassified into the suitability map. 

The evaluation of land suitability was approached with a ranking- and classification- system. First, for 

each property separately, all the areas in the Badia were ranked from least favourable conditions to most 

favourable (0 – 3); see 3.1.3 for the boundary values of the properties. Rainfall was ranked 0-6 because 

it was weighted twice due to its importance. Second, the areas were reclassified into four categories: 

highly suitable, moderately suitable, marginally suitable and unsuitable (Mazahreh et al., 2019). These 

categories indicate the potential for success for vegetation development when MWH is implemented. 

The categories are defined by the FAO as follows (FAO, 1983): 

 Highly suitable: Land that has no significant limitations for specified sustained use and is 

therefore expected not to reduce productivity or benefits or will not raise inputs above an 

acceptable level. 

Moderately suitable: Land with moderately severe limitations for a specified sustained use. The 

limitations will reduce productivity or benefits and increase required inputs to the extent that 

the overall advantage of the use, although still attractive, will be appreciably lower than 

expected on class S1 land.  
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Marginally suitable: Land with limitations that, in aggregate, are severe for sustained 

application of a given use and will reduce productivity or benefits, or increase required inputs, 

that this expenditure will be only marginally justified.  

Unsuitable (NS): Land has limitations that appear severe to preclude any possible successful 

sustained use of the land.  

3.1.2 Data relevance and availability 

For the standard numerically defined soil properties (clay content, pH and Cation Exchange Capacity 

CEH), SoilGrids250m was used as provided by ISRIC (Batjes et al., 2017). Soilgrids is a global digital 

soil mapping system that uses machine learning to map the spatial distribution of soil properties across 

the globe. These 250 by 250-m grid resolution maps are globally defined and provide maps with 

parameters that are needed for this research (Hengl et al., 2017). ISRIC provides this data for seven 

depths: 0.00, 0.05, 0.15, 0.30, 0.60, 1.00, and 2.00 metres. The research was focused on topsoil. The 

averaged map of the four upper depths (up to 0.30 meters) was used for the suitability classification. For 

rainfall data, the CHIRPS dataset was used. CHIRPS (Climate Hazards Group InfraRed Precipitation 

with Station) dataset. CHIRPS incorporates satellite imagery with in-situ station data to create gridded 

monthly and daily rainfall time series with a spatial resolution of 0.05° by 0.05° (Retalis et al., 2017). 

Sarcinella (2020) did a sensitivity analysis and demonstrated that CHIRPS data provide reliable rainfall 

values for Jordan and is thus a reliable source for this study. The data includes daily rainfall from 1981 

to the present. The rainfall data extraction was done for 2844 cells evenly spread across the Jordan 

Badia. The data was extracted from 01-01-1981 to 31-12-2021 (41 years), which was all available data. 

Yearly averages from 1981 to 2021 rainfall were used for this research. 

3.1.3 Classification boundary values 

For clay content, pH and rainfall, literature indicated the boundary values used (Krois et al., 2014; 

Falasca et al., 2013). Atriplex-specific values for cation exchange capacity were not found in the 

literature, so they were altered to create roughly evenly spread categories. Clay content, pH and cation 

exchange were ranked from 0-3; rainfall was weighted double and classified from 0-6, 3 (and 6) are 

highly-, 2 (and 4) moderately-, 1 (and 2) marginally- and 0 unsuitable. Table 1 lists the ranges of the 

characteristics corresponding to the four categories. The slope range is limited because slopes steeper 

than 25 degrees make it impossible for the tractor to make the MWH. For areas with almost no slope, 

ICARDA advises a different kind of land treatment, such as a Marab (Dhehibi et al., 2020). 

Table 1 Properties classification boundaries for ranking suitability classes based on Krois et al. ( 2014) and Falasca et al. 

(2013) 

3.1.4 Reclassification 

All the data that were classified are consolidated and reclassified once again into the four FAO 

categories according to the following reclassification: an area with a score of 15-12 receives a highly 

suitable status, 11-9 a moderately suitable, 8-5 a marginally suitable, and regions with scores below 5 

are identified as unsuitable for MWH. For better accuracy of the map, areas with a slope of 0 and areas 

with a soil depth smaller than 100 cm are excluded. 

Properties Highly 

suitable  

Moderately 

suitable 

Marginally 

suitable 

unsuitable 

(NS) 

Clay content % 22.5-35 

 

15-22.5 6-15 

 & 35-55 

>55 & <6  

pH [-] 7.2-7.9 

 

7.0-7.2  

& 7.9-8.0 

6.5-7.0  

& 8.0-9.0  

 

Slope (%)    25< & 0.1> 

Cation exchange capacity (cmol/kg) 16.8-57.75 13.5-16.8 5.5-13.5  

Rainfall (mm/year) > 250 250 - 200 200 - 150 < 150  
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3.2 Optimal dimensions for MWH 

Interspacing, the area between two pits, is essential to quantifying the effect of MWH structures. If the 

spacing (interspace) between two pits is oversized, it will collect too much runoff, fill its associated pit 

up and cause it to overflow, risking losing water and damaging the pits. Additionally, a larger interspace 

results in fewer pits, resulting in the less potential area in the pits for vegetation. On the other hand, if 

the interspace is too small, it will not collect enough water to meet the moisture demand of the 

vegetation. The optimum is where there is enough water for vegetation to grow, but the spacing is not 

too large to cause the risk of damaging the MWH structures. Therefore the 'minimum spacing', or the 

minimal distance between two structures, is calculated using runoff; see Figure 9 for a flowchart of this 

process. The runoff is related to the rainfall and soil type and was calculated using the Curve Number 

method (CN). The cumulative yearly volume can be determined by in- or decreasing the spacing at 

specific locations. This study calculates spacing for 200, 300 and 400 litres. Volumes were calculated 

for a spacing range between 4 and 25 metres. When spacing is smaller than 4 metres, the structures are 

too narrow for the tractor. If spacing is more extensive than 25 metres, the number of structures per 

hectare will be so low that MWH will not be feasible. 

  

 

Figure 9 Flowchart for finding the optimum spacing. Rainfall data is extracted and used for the curve number method; then, 

the spacing is found using different steps 

 

 

3.2.1 The curve number method (CN) 

The CN is a method to calculate runoff using precipitation data and the curve number, describing the 

runoff potential per hydraulic soil group. (1) shows the equation of the CN:  

𝑄 =
(𝑃 − 𝐼𝑎)2

(𝑃 − 𝐼𝑎) + 𝑆
      (1) 

Where Q is a runoff in cm, P is precipitation in cm, and Ia is an initial abstraction (2):  
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          𝐼𝑎 = 0.2𝑆                     (2) 

S is the storage capacity of the soil which is calculated using (3): 

   𝑆 =
25400

𝐶𝑁
− 254        (3) 

Where CN is the curve number determined by the soil type, the soil hydrological condition, vegetation 

cover, land use and treatment and the antecedent moisture condition (AMC) (I = dry, II = average, III = 

wet) of the soil (NCRS, 2004), this leads to (4): 

𝑄 =
(𝑃 − 0.2𝑆)2

(𝑃 + 0.8𝑆)
 (4) 

If P<Ia, then Q is defined to be 0.  

The CN ranges from 30 to 100; lower numbers indicate a higher rainfall threshold for runoff to occur, 

while higher numbers indicate lower rainfall thresholds for runoff potential. Different studies (Ali et al., 

2010; Lesschen et al., 2009) showed that for crusty soils a rainfall runoff threshold of 4 mm is applicable. 

This study uses the CN method to calculate this rainfall runoff threshold (initial abstraction, Ia). The CN 

is related to soil type, soil infiltration capability and land use. This study is about runoff which only 

occurs in the wet season, so AMC(III) conditions were used.  

3.2.2 Data availability 

To use the CN method, two types of data were required. Rainfall data and the CN for all locations in de 

Badia. Daily rainfall data for the last 41 years were extracted from the CHIRPS data set (see 3.1.2). The 

CN was more complicated, as creating a CN map for the whole Badia was impossible due to lack of 

data availability (and time-wise did not fit into the scope of this thesis). The USDA Global CN map 

showed high values (97-99), which do not seem realistic for a desert because these values are more 

closely associated with an urban environment. Instead, in consultation with soil expert S. Strohmeier 

(March 2022), a more general approach was chosen for making a CN map. Al Majidiyya, the research 

site, has a CN of 86 and clay content of 33% (Shammout et al., 2018; Haddad et al., 2022). Considering 

that a higher clay content results in a higher CN, it was chosen to assign three different CNs to the Badia 

based on its clay content: 86 if clay content is between 30% and 35% (similar to the research site), 84 if 

it is below 30% and 88 when above 35%. 84 and 88 are educated guesses but are chosen to reduce 

complexity in the calculation process in the next step.  
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3.2.3 Calculating the spacing 

To find the minimum spacing for each cell that is created, firstly, in MATLAB, the CN calculation was 

performed. This consisted of the following steps and was done for each of the CNs 84, 86, and 88: 

- Calculate storage S and the initial abstraction for the CNs 84, 86 and 88.  

- Calculate runoff Q for all 14975 days (41 years) on each of the 2844 locations. 

- Filter out the days where P<Ia, and set Q to 0 for these days. 

- Calculate the volume (V1) of runoff that will originate on the surface area of one pit with a 

respective length and width of 4.5m x 0.5m. Note that this will be the amount of water that will 

enter the pit directly from rainfall that is, not via runoff. 

- Calculate the volume of water that will enter a pit in one day: one calculation for each possible 

spacing between 4 and 25m. For example: to calculate the new volume (V2) of water that entered 

a pit with a 7m spacing after a day of rainfall, one should multiply V1 by 14 (because the width 

of the pit is 0.5m). See Figure 10. 

- For each year at each location, sum the volumes and find the smallest spacing where runoff and 

direct rainfall in the pit reach the threshold (200-300- or 400 litres) for 30 out of the 41 years. 

The threshold of 300L is proven to be successful in the research site. The 200L and 400L 

thresholds are used for comparison.    

Each location was assigned the correct minimum spacing using the CN map.  

 

Figure 10 Example plot for calculating the spacing between two structures. A spacing of 7m has 14 times the width of one pit 
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3.3 Potential vegetation growth potential and carbon sequestration.  
To model Soil Organic Carbon (SOC), Rothamsted Carbon 26.3 (RothC-26.3) was used (Coleman and 

Jenkinson, 1996). RothC-26.3 is a model that simulates the sequestration of organic carbon in topsoil. 

The model was previously used in the study by Hall (2019). For consistency, this follow-up study also 

used the model to calculate the total organic carbon turnover for a period of 20 years to present-day. To 

improve the results, a field study is carried out to find the initial TOC values in and next to an MWH pit 

when the study is conducted (January 2022). Figure 11 shows the flowchart of this process.  

 

Figure 11 Flowchart for finding sequestrated carbon per hectare in the pit and the interspace 

3.3.1 Runs 

The model was run for two types of locations: location 1 is in the pit, and location 2 is in the interspace 

(Figure 12). At location 1, an MWH pit is made and resembles the treated situation where the soil is 

expected to improve. Location 2 resembled non-treated areas and was used to compare the change in 

carbon sequestration. More information about the specifics of the location can be found in 3.3.6 field 

experiments. 

 

 

Figure 12 Schematic overview of sample locations 
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3.3.2 RothC-26.3 model 

The RothC-26.3 model (Coleman and Jenkinson, 1996), a tool developed for predicting the dynamic 

evolution of the content of Soil Organic Carbon (SOC) under the effect of weather conditions and land 

use data, was used. A discrete dynamic model calculates SOC in monthly steps using steady-state data. 

Figure 13 illustrates the structure of the RothC-26.3 model. Organic input is split into decomposable 

and resistant plant material, and decays into CO2, microbial biomass and humified organic matter. These 

steps repeat themselves. The model requires three inputs: climatic, soil and biophysical. In addition, 

initial conditions need to be set. The model calculates Total organic carbon (TOC), microbial biomass, 

and carbon age. TOC is calculated as the sum of the carbon contained in the above-ground biomass, 

carbon stored in below-ground biomass (e.g., roots) and SOC. The inputs were collected in the study 

area (3.3.1.3 field sampling) or were taken from earlier applications in this study area (Akimoto, 2020; 

Hall, 2021).   

3.3.3 RothC-26.3 model description 

The amount of material in a soil layer Y that decomposes in a particular month is calculated by (5):

     

Y e−abck  t   (5) 

Where a is the rate modifying factor for temperature and is given by (6): 

 

𝑎 =
47.91

1+𝑒
(

106.06
𝑇+18.27

)
  (6) 

Where T is the average monthly air temperature in ℃. 

 

b, the topsoil moisture deficit (TSMD) rate modifying factor for the moisture is calculated in the 

following way: First, Max TSMD for the top 23 cm layer of soil is calculated by (7): 

 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑇𝑆𝑀𝐷 = −(20 + 1.3(%𝑐𝑙𝑎𝑦) − 0.04(%𝑐𝑙𝑎𝑦)2)       (7) 

Next, the accumulated TSMD for the specified layer of soil is calculated from the first month when 0.75 

x (open pan evaporation) exceeds rainfall until it reaches the max TSMD, where it stays until the rainfall 

starts to exceed 0.75 x (open pan evaporation) and the soil wets up again. Because open pan evaporation 

is unknown, potential evapotranspiration can be used (Jenkinson, 1996). Note that the model is presently 

tuned to run on open-pan evaporation data, multiplied internally by 0.75 to give evapotranspiration. Data 

should therefore be divided by 0.75 before entering. 

Figure 13 Model structure of RothC-26.3 model from Coleman and Jenkinson (1996). Organic inputs split into DPM and 

RPM. 
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The maximum TSMD found is under actively growing vegetation during the growing season. If the soil 

is bare, this maximum is divided by 1.8, the BareSMD, to account for the reduced evaporation from bare 

soil. When the soil is bare, it is not allowed to dry out further than BareSMD unless the accumulated 

TSMD is already less than BareSMD, which cannot dry out any further. Finally, the rate modifying 

factor (b) is calculated: 

𝐼𝑓 𝑎𝑐𝑐. 𝑇𝑆𝑀𝐷 < 0.444 ∗ 𝑚𝑎𝑥. 𝑇𝑆𝑀𝐷, 
𝑏 = 0 
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, 

𝑏 = 0.2 + (1.0 − 0.2) ∗
𝑚𝑎𝑥.𝑇𝑆𝑀𝐷−𝑎𝑐𝑐.𝑇𝑆𝑀𝐷

𝑚𝑎𝑥.𝑇𝑆𝑀𝐷−0.444∗𝑚𝑎𝑥.𝑇𝑆𝑀𝐷
  (8) 

c is the soil cover rate modifying factor. When growing plants are present, decomposition is slowed.  

𝐼𝑓 𝑠𝑜𝑖𝑙 𝑖𝑠 𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑒𝑑    𝑐 = 0.6 
𝐼𝑓 𝑠𝑜𝑖𝑙 𝑖𝑠 𝑏𝑎𝑟𝑒                𝑐 = 1.0 

k is the decomposition rate constant for that compartment. The decomposition rate constants (k) were 

initially set by Jenkinson (1996) on data from long-term field experiments (Table 2).  

Table 2 Decomposition rates for the RothC-26.3 model by Jekinson (1996), see Figure 7 for explanations of abbreviations. 

 

 

 

t is 1/12 since k is based on a yearly decomposition rate.  

Both DPM and RPM decompose to form BIO and HUM as well as CO2 in the first stage, with 

proportions controlled by the clay content of the soil. The ratio of CO2/(BIO+HUM) is calculated 

using equation 9. Abbreviations are explained in Figure 7. 

x =  1.67 (1.85 +  1.60 exp(−0.0786 %clay)) (9) 

Where x is the ratio of CO2/(BIO+HUM).  

x/(x+1) is then evolved as CO2 and 1/(x+1) forms as BIO + HUM.  

The BIO + HUM portion is divided into 46% BIO and 54% HUM. The model adjusts for clay content 

by altering the ratio between CO2 and BIO+HUM. The relation between clay and BIO + HUM is 

shown in Figure 14. 

 

compartments Rate 

DPM 10.0 

RPM 0.3 

BIO 0.66 

HUM 0.02 
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Figure 14 The effect of clay on the ratio of CO2 released to (BIO + HUM) formed 

3.3.4 Model input 

The model requires three different types of input and a few initial conditions. In total, nine different 

inputs are needed (Table 3). The values used in the model can be found in appendix 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 RothC-26.3 data requirements according to Coleman and Jenkinson (1996) 
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3.3.3.1 Climatic data 

The starting climatic inputs are monthly precipitation and temperature and were derived from a 

weather station situated next to the Al Majidiyya research field at the Queen Alia International 

Airport. ICARDA calculated the monthly evapotransporation (ETo). ETo was divided by 0.75 to 

transform into open pan evaporation (Figure 15). This data is compared with the Climate Change 

Knowledge Portal and verified for consistency.  

Figure 15 Climatic data of the Queen Alia International Airport weather station from 2010-2021 provided by ICARDA, 

including Precipitation monthly ETo and open pan evaporation. 

3.3.3.2 Soil and remaining data inputs.    

For the soil input, the clay content is taken from Haddad (2022) and is 33%. Soil cover is bare for half 

of the time for the interspace location (April – September). During the growing season, the soil is 

covered with annuals. The pit itself is covered from January until September. Plant residues are taken 

from former field studies in the research site by Akimoto (2020). The depth of the soil layer is the top 

23 cm of the soil and is defined as the topsoil layer (Coleman and Jenkinson, 2014).  

The DPM/RPM ratio links to the environment. In the case of unimproved grassland and shrubs, a 

DPM/RPM ratio of 0.67 is advised by (Coleman and Jenkinson, 2014). Monthly manure is calculated 

by the study by Hall (2021) as follows: goat manure typically contains 250g of carbon per 1kg, and a 

single animal produces between 0.37 and 0.38kg of manure per month in the wet season (Osuhor et al., 

2002). An estimated ten goats graze per hectare around the field site, mainly from October to December. 

An observation in the field was that most of the manure is washed into the pits. Average manure input 

to the Vallerani furrow for a given month is therefore calculated from (10), and the result is converted 

from kg C ha-1 to t C ha-1;  

𝑀𝑜𝑛𝑡ℎ𝑙𝑦 𝑖𝑛𝑝𝑢𝑡 (𝑘𝑔 𝐶 ℎ𝑎−1) = ((𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑜𝑎𝑡𝑠 ∗ 𝑚𝑜𝑛𝑡ℎ𝑙𝑦 𝑚𝑎𝑛𝑢𝑟𝑒(𝑘𝑔)) ∗ 0.25) (10) 
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3.3.5 Initial conditions 

Besides the inputs, the RothC-26.3 model requires initial conditions to calculate the carbon turnover. 

These consist of the start year (2022), the number of years the model is to be run (20), the number of 

years monthly output is required (20), and the initial soil carbon and radiocarbon values of each pool. 

The pools are Resistant Plant Material (RPM), Decomposable Plant Material (DPM), Microbial 

Biomass (BIO), Inert Organic Matter (IOM) and Humified Organic Matter (HUM). A sensitivity 

analysis was performed in the study by Hall (2021) to find the relative importance of each pool. The 

result showed no significant difference in the model's output when initial carbon was divided into five 

equal parts or increasing any of the fractions by 30%. So, in this study, equal fractions were used for 

the total initial carbon pools. The total carbon pool or TOC is found by sampling soil monsters in the 

field and analysing them in the laboratory using the Walkley-Black method (Mylavarapu, 2014). See 

3.3.6 for field sampling. From the laboratory results, outliers were removed.  

3.3.6 Field sampling 

For the model, field data is collected to improve input as much as possible. During the data collection, 

the focus was on finding TOC in the soil and clay percentage. First, a general survey was conducted to 

find information about the current vegetation, using plant height, the diameter of the shrub (two 

directions), and stem diameter at the base of the plant.  

In Al Majidiyya, 390 plants (+/-10% of the population) were measured for plant height, stem diameter, 

width, health status, and grazing status. By comparing the results in box-and-whisker plots, boundaries 

for the suitability classes were made. These boundaries were used for classifying all plants into three 

classes, from healthy to least healthy. To find the soil texture, samples were measured at 5 and 15 cm 

depth of the soil to indicate the topsoil. The clay percentage is found by measuring it in the laboratory 

with the hydrometer method (Haluka et al., 2014).  

Initial total organic carbon (in t C/ha) inputs were found in the laboratory using the Walkley-Black 

method (Mylavarapu, 2014). 

 

3.3.7 Field experiments 

Class boundaries were found by conducting field measurements. The data was transferred into boxplots 

shown in appendix 1. The interquartile ranges of the boxplots are the boundaries of the classes. The 

average of two boundaries is taken as the boundary value of the plots with overlapping values. Class 1, 

the healthiest in the field, has the largest volume and class 3 the smallest. In figure 14, the fieldwork 

area is classified using the field data. The most significant part of the fieldwork area is classified in class 

1. The lower classes are found towards the edge of the site, where soil depth is shallower. These classes 

were used to classify plants in the field, so when doing the other field measurements, it was clear which 

pits were needed to make a reliable image of the fieldwork area. 

At nine different locations, of which three were S1, three were S2 and three S3, soil samples were taken 

in the pit, next to the pit, and in the interspace at 5 and 15 cm depths to find TOC. This resulted in a total 

of 54 samples.  

For each location (interspace, next to the pit and in the pit), using the whisker-and boxplot method 

outliers of the TOC samples were excluded from further calculations. 
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3.4 Location specific carbon sequestration 
With the use of the spacing map the efficiency was calculated. The efficiency is the ratio 'pit' to 'not a 

pit' in a hectare. This was needed because only the areas where pits are present, carbon is sequestered. 

To find how much carbon potentially can be sequestrated in 20 years, the efficiency map, the results of 

the RothC-26.3 model and the suitability map were combined, (Figure 16). The result is a map showing 

how much CO2 (in tons) can be sequestrated per hectare if MWH is applied to suitable areas in the 

Jordan Badia. 

 

Figure 16 Flowchart of calculating the total amount of carbon sequestrated for the 200, 300, and 400 litre thresholds 

3.4.1 Efficiency 

The result of the model is given in metric tons of CO2 per hectare. As only the turnover of atmospheric 

carbon takes place in the soil directly under the MWH pits, not all the areas where MWH is implemented 

contribute. To take this into account, an efficiency map was calculated. The efficiency indicates the 

percentage of a hectare used for sequestration. The efficiency was calculated by dividing 100 (the entire 

area) by the spacing. A treated area with an advised spacing of 7 meters will have an efficiency of 

100/7=14.3%. If modelling results indicate that in 20 years in a pit, 50 tons of CO2 per hectare would 

be sequestrated, the real value would be 7.15 tons of CO2 per hectare, 14.3% of the original value.  

3.4.2 Suitability  

Areas are classified as highly suitable, moderately suitable, and marginally suitable. The classes stand 

for performance, so highly suitable areas will sequestrate more. Therefore, the classes will be associated 

with a success factor. Highly suitable is the top third and will succeed for 100-66%, moderately suitable 

66-33%, and marginally suitable 33-0%. The average value of this success factor is used for further 

calculations. So, the classes received a success factor of 83%, 50%, and 17%, respectively.  

3.4.3 Upscaling the modelling results  

A map was created by multiplying the spacing map (efficiency), suitability percentages and the 

modelling results. pixels in these maps represent more than one hectare, so the value of each pixel is 

multiplied by the actual hectares per pixel. This last step was necessary to get the total amount of 

sequestered carbon.  
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4.   Results  

4.1 GIS approach for suitability classification 

4.1.1 Land suitability evaluation  

Figures 17 a-f show the ranked maps, and g and h show the reclassified maps. Figure 17a shows the pH. 

The most suitable areas are found in the West, while the East and the South-East have the least suitable 

areas. The middle is a combination of moderately and highly suitable. Figure 17b is the cation exchange 

capacity. The highest cation exchange, and thus the best circumstances are in the North-West and the 

North. The sizeable green patch in the North is a basalt plain which causes the high values. The North-

East is presumably less suitable while the middle has alternating moderate and marginal conditions. 

Clay (Figure 17c) has declined, starting with clay percentages from 22.5 – 35% in the North-West and 

decreasing to below 22.5 in the South-East. The rainfall map (Figure 17d) has a similar pattern. The 

slope map (Figure 17e) did not exceed the maximum slope of 25 degrees. The areas excluded are all flat 

areas. The soil depth map (Figure 17f) did not discard any area. According to the ISRIC map, there were 

no areas where soil depth was less than 1 metre. This cannot be true as the Badia has a high rock cover 

and bedrock percentage, as visual interpretations demonstrate. In summary: the North-West area has the 

highest rainfall, pH, cation exchange, and clay percentages, resulting in the highest suitability. In the 

South-West, there is also an area with a high suitability classification due to high clay and pH values. In 

the North-East, areas marked marginally suitable result from low pH and cation exchange values. The 

middle of the Badia has an alternating pattern between marginally and moderately suitable caused by a 

low cation exchange capacity, a high pH and Clay percentage, and rainfall pattern that declines rapidly 

from high to low. The consolidation of these maps results in Figures 17-g and -h. 
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Figure 17a-h Inputs for suitability classification used for creating the suitability. Numbers indicate the order of suitability is 0 

in an unsuitable area and 3, or 6 in case of rainfall, the most attributing area. 
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4.1.2 Reclassification to suitability map  

 

In Figure 18, the result of the land suitability 

evaluation is shown. Results show that 42.5 

per cent of the Badia is found to be 

unsuitable for MWH. 57.5%, on the 

contrary, is suitable: 24.5% marginally- 

27.5% moderately- and 5.5% highly 

suitable. The highly suitable areas are 

primarily found in the North-West and 

along the West border of the Badia to the 

South. Highly suitable areas have the best 

biophysical and climatical conditions for 

MWH and seedlings are most likely to 

develop into healthy shrubs in these areas. 

The moderately suitable areas are in the 

North, centre and South-West of the Badia. 

Marginal areas are found in the North-East, 

East, centre, and South-West along the 

border with Israel. Generally, the map 

shows declining suitability from North to 

South and West to East, which is in line with 

the rainfall and clay percentage pattern. The 

South part of the Badia is classified as 

unsuitable. This area receives less than 100 

mm of rainfall annually. In Figure 19, the 

raw pixel count of each class is shown. The 

pixel count was used for calculating the area 

belonging to each group. In the North a 

large area is categorised as moderately 

suitable while this area is comprised of 

basalt plains. The research area Al 

Majidiyya is classified as highly suitable. 

 

 

Figure 19 Pixel count of the four suitability classes. 0-0.8 is unsuitable, 0.8-1.5 is marginally suitable, 1.5-2.3 is moderately 

suitable, and 2.3-3 is highly suitable. 

 

Figure 18 Land Suitability evaluation map classified into four 

classes: highly-, moderately-, marginally and, un-suitable.  
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4.2 Optimal dimensions for MWH  
For each of the 2844 rainfall extraction points, a 

curve number is assigned based on the clay 

percentage. The most significant part of the Badia 

is assigned the Curve Number value of 84 (Figure 

20): areas that have a clay percentage lower than 

30%. The North-West shows a small area of land 

with a CN of 88 (clay percentage higher than 

35%), gradually going to 86 (clay percentage 

between 30% and 35%) and then to 84. The large 

area with CN 84 results in a lower overall runoff 

because soils with a lower CN have higher storage 

and initial abstraction values. The rainfall threshold 

for runoff generation was calculated to be 6.9 mm 

for a CN of 88, 8.3 mm for 86 and 9.7 mm for 84. 

24% of the days that received rainfall had a total 

precipitation above 6.9 mm, 16% above 8.3 mm 

and 12.5% above 9.7 mm (figure 21).  

 

 

Figure 21 Normalized probability distribution of total precipitation on a day with rainfall. On the right y-axis the cumulative 

distribution frequency curve is displayed. 50% of the rainfall days receive more than 4 mm rainfall, 24% more than 6.9 mm, 

16% more than 8.3 mm, and 12.5% more than 9.7 mm. 

Figures 22a-c show the optimal spacing map of MWH structures in the Badia for threshold volumes of 

200, 300, and 400 litres. The three maps show a similar pattern: small spacings and thus more MWH 

structures in the North-West and South-West along the Badia border. The spacing gradually increases 

towards the South and East until the thresholds cannot be reached anymore with consecutive MWH 

Figure 20 Curve number map, based on clay percentage 
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structures that have interspaces of 25 meters or smaller. With a 200 litre threshold, 16.5% of the Badia 

has a spacing below 25 metres, with 300 litres, 12.1%, and with a 400 litre threshold, it decreases to 

9.5% of the land. This shows that lower thresholds increase the suitable area for MWH structures. The 

Spacing maps follow the same decreasing pattern as the suitability map but due to lack of runoff the 

usable area decreases drastically. Roughly, only the highly suitable area is suitable for MWH. 

 

Figure 22 Spacing between two consecutive MWH structures in meters for a 200, 300 and 400 litre cumulative annual 

threshold. 

Figure 23 displays the percent of area covered with the different spacings for the three thresholds. It 

shows that lower thresholds cause a relatively high percentage of area with smaller spacing (4-11 

metres). The higher the thresholds, the more evenly distributed the spacings in the Badia. In general, it 

can be observed that rainfall (Figure 12-d) is the most determining factor for implementing MWH on a 

national scale in Jordan. Depending on the water needs of the vegetation, spacing can be adjusted so 

that yearly requirements are met. 

Figure 24 Box plot for the four measured parameters of the plant in the research area. the 

plots indicate the new boundaries and show outliers. 

Figure 7  Percentage area of the Badia that potentially can be covered with MWH structures. Distinguished for 

200, 30-, and 400 litre thresholds 
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4.3 Fieldwork results 

Measurements of the 390 plants in the field are presented in whisker-box plots (Figures 24a-d). The 25 

and 75 percentiles are shown and define the group boundaries where the 25 percentile is the lower 

boundary of the group and the 75 the highest boundary. When the 75 percentile of one group overlaps 

with the 25 percentile of another class (see Figure 24a), the average value of the two is taken as 

boundary value. The boundaries of the classes are shown in table 4 and the research area can be 

divided in these groups. In this table, class 1 has the shrub with the biggest volumes and 3 the smallest. 

Large volume shrubs are the healthiest shrubs.  

Table 4 shows the boundaries of the classes. 

Class 1 2 3 

height >95 95-65 65> 

diameter >1,5 1,5-1,1 1,1> 

width 1 >125 125-75 75> 

width 2 >115 115-75 75> 

Figure 25 shows the research area, see Figure (1 or 2) for the location in Jordan, reclassified according 

to the new classes. This map is used for verifying the locations where TOC values were taken. Three 

MWH pits per class were chosen to take sample for TOC. These locations are indicated with a star on 

Figure 25. 

Figure 25 The research area divided according to the new boundaries. stars indicate locations where sampling has taken 

place 
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4.3.1 TOC calculations 

The TOC sample outliers were removed using the whisker and box plots (Figures 26a-b). The samples 

removed are #20, #1 and #3, and #46. Table 5 shows the fractional TOC and the TOC in t/hectare 

which were converted using a bulk density of 1.38 g/cm3 (Haddad et al., 2022); in the pit, the top layer 

has a TOC of 22 t/ha. This is an average of the top 5 cm and 15cm, which have weighted TOC values 

of 27.1 and 17.6 t/ha, respectively. The average 'not in the pit' value is 19.4 t/ha TOC. This is a 

combined average of the soil samples next to the pit and the soil sample of the interspace. The samples 

in the pit at 5 cm depth have an average value of 27 t/ha, which is higher than all the other values. The 

values of the not-treated areas range from 18-19.9 t/ha except for the 15 cm depth next to the pit; this 

is 16.5 and is noticeably lower than the surroundings.  

 

Figure 26 Box plots showing the TOC sample outliers for 15(a)- and 5(b)-centimetre depths 

Table 5 TOC laboratory results 

TOC% 
 

Average 5-cm 15-cm 

Average not pit 0.61 0.63 0.59 

Average in the pit 0.69 0.83 0.55 

average interspace 0.65 0.64 0.67 

average next to the pit 0.56 0.61 0.52      

TOC t/ha 
  

  

Average not pit 19.36 19.89 18.72 

Average in the pit 22.04 27.06 17.57 

average interspace 20.76 20.41 21.20 

average next to the pit 18.05 19.37 16.55 

4.3.2 Model results 

 

The model calculated with monthly steps the TOC in tons per hectare for locations 1 and 2 (Figure 12) 

for a 20-year (240 months) period up to the present day (2022). Results are shown in Figure 27. 

Location 1 is in the pit, whereas location 2 is in the interspace and functions as a control plot that is 

not treated. Results from locations 1 and 2 are subtracted from each other to find the difference 

between treated and not treated. At location 1, after 20 years, 55.1 tons of carbon per hectare are 

sequestrated; at location 2, 17.5 tons of carbon per hectare are sequestrated. The difference between 

treated (in the pit) and not treated (interspace) is 37.6 tons of carbon per hectare according to the 

RothC-26.3 model. Figure 27 shows that CO2  keeps increasing over the 20 years for both the 1 and 2 

locations. When comparing locations 1 and 2, carbon sequestration occurs faster with treatment. After 

eight years, the carbon sequestrated carbon on location 1 is double that of location 2; after 20 years, it 

is tripled.  
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Figure 27 RothC-26.3 Model output. Sequestrated carbon in tons/hectare for locations 1 and 2. The grey line indicates the 

relative difference between locations 1 and 2. 

 

4.4 Total Carbon per area 

Using (11) sequestration values were calculated for the three thresholds. 

𝑆𝑒𝑞𝑢𝑒𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑒𝑟 𝑐𝑒𝑙𝑙) = 𝑀𝑜𝑑𝑒𝑙 𝑟𝑒𝑠𝑢𝑙𝑡 ∗ 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑚𝑎𝑝 ∗ 𝑠𝑢𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑚𝑎𝑝 (11) 

With a threshold of 200 litres, 1105914 tons of CO2 can be additionally sequestrated on 16.5% of the 

land in the Badia. A threshold of 300 litres results in sequestration of 815618 tons of CO2. 

Furthermore, the 400 litre threshold sequestrates 480288 extra tons of CO2 as opposed to no MWH 

implementation, which is captured on 9.5% of the Badia (Figure 28). Generally, the highest 

sequestration values (in tons of carbon per cell) are found in the North-West of the Badia, where 

spacing is the smallest and suitability is the highest. The pattern of the map is comparable with the 

spacing map. Spacing and rainfall are thus the most determining factor for the MWH. Vegetation that 

requiers lower thresholds, or other WH techniques can be used to increase the implementation area.  
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Figure 28 Aerial map of Jordan (a) and results from the map for 200(b), 300(c) and 400(d) litre thresholds. the result shows 

the total sequestrated area per cell 

 

a b 
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5. Discussion 
Depending on the yearly amount of water desired for the A. halimus, 200, 300 or 400 litres, between 

0.48 Mt and 1.1 Mt of carbon can potentially be sequestrated in 20 years by using Mechanised micro 

water harvesting (MWH) on a large scale in the Badia. This is a maximal 0.275% of Jordan's annual 

~25 Mt annual carbon emissions (World Bank). Between 9.5 and 16.5% of the Badia is found suitable 

for the MWH based on the water availability; when looked at from a biophysical and climatical point 

of view, 57.5% is suitable, divided into three classes. The most suitable areas can predominantly be 

found in the North-West area of the Badia.  

This study aimed to develop a method that improves the accuracy of quantifying the potential amount 

of carbon sequestration by up-scaling MWH to suitable areas in Jordan. The aim is reached by the 

following actions:   

• classify the Badia into different suitability classes by conducting a land suitability evaluation 

• find the density of MWH by defining the optimal spacing between two consecutive structures 

• combine the above two with the results of the RothC-26.3 model run  

The following section will discuss the results in terms of importance and influence on the primary 

research aim. 

Suitability classification 

Comparing the map of Hall (2021), which is displayed in Figure 3, and the land suitability evaluation 

(Figure 18), the location and size of the suitable area are generally consistent. There is one significant 

distinction between the North and North-East where the land suitability evaluation showed that the 

area is suitable. In contrast, Hall's map shows that these areas are not suitable. Hall's criteria, slope, 

soil depth, clay-, sand-, and stone- content and precipitation, were more directed to whether MWH is 

possible. At the same time, the land suitability evaluation of this study also looked at 'how' successful 

an area would be. The difference is made with the stone content and soil depth map. The North-East 

area consists of basaltic plains, which are seen as rocky and should be filtered out because MWH 

structures cannot be placed here as the plough will not be able to dig into the ground.  

The suitability map is also visually compared with the study of Al-Shabeeb (2016), which used GIS to 

select potential water harvesting sites in the Azraq Basin in Jordan using the FAO classification. The 

maps have high similarity. The two studies use similar criteria for finding suitable areas, such as 

rainfall, clay content, and slope, but Al-shabeeb (2016) also incorporates drainage density, lineament 

density, and geology.  

So, although the suitability evaluations in the different studies were made with different criteria but 

with three shared criteria: rainfall, clay content, and slope, the resulting maps showed a considerable 

resemblance. This invites the conclusion that the shared criteria are the most significant for making a 

suitability evaluation. The suitability map created in this study has the same level of refinement as the 

study of Al-Shabeeb (2016) but expands the scale to the entire Badia. This study compared with the 

study of Hall (2021), increases the refinement with de addition of the different suitability 

classifications.  

Optimal dimensions 

With the optimal spacing, an extra step is added to the study of Hall (2021). The spacing improves 

information about the number of MWH which can potentially be implemented and therefore is of 

significant value for decision-makers. The effect of different spacings has been researched in studies 

(Gammoh, 2013; Ali et al., 2010) but solely focuses on small-scale experiments.  

With the addition of the spacing in the formulae, the suitable area with the land suitability evaluation 

reduces from 57.5% to 9.5-16.5%. The areas still suitable for MWH are those with a higher CN (and 

thus clay content) and rainfall, which is in the North-West Badia. The spacing is determined using two 
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inputs: the rainfall and the CN. The spacing depends on the number of years that water in a pit reaches 

the threshold. By setting these thresholds at 75% there was a significant decline in suitable area. The 

threshold ensures that the vegetation always receives enough water in the pits.  

Another point is that the rainfall threshold for runoff generation was calculated to be 6.9 mm for a CN 

of 88, 8.3 mm for 86 and 9.7 mm for 84. 24% of the days that received rainfall had total precipitation 

above 6.9 mm, 16% above 8.3 mm and 12.5% above 9.7 mm. In other studies threshold (Ali et al., 

2010; Lesschen et al., 2009) the rainfall threshold for the runoff was found to be around 4 mm for a 

similar soil and climate. 50% of all rainfall days receive more than 4 mm rainfall. This shows that 

reducing the rainfall threshold from 9.7 (CN 84), which is used for the most significant part of the 

Badia, to 4 mm – 37.5% more days are included in the study. These are the days when rainfall is 

between 4 mm and 9.7 and could significantly expand the area suitable for MWH.  

RothC-26.3 

The transformation from a barren landscape into one with vegetation has a 285% increase in SOC (Liu 

et al., 2017). The RothC-26.3 showed that, with the inputs used, the extra carbon sequestration doubles 

in eight years and almost triples in 20 years when areas get treated with MWH. Although these values 

percentage-wise agree with the findings of Liu et al. (2017), the absolute values seem high. While this 

study shows an increase of 37.6 t/ha, which is 1.5 t/ha per year, other studies have values between 0.2-

0.5 t/ha per year (Wang et al., 2011; Lal, 2009). 

Inputs for the model were partly taken from previous research (Hall, 2021; Akimoto, 2020), measured 

in the field and the lab or observed in weather stations and calculated. The essential initial SOC in the 

treated area was found to be 22.04 t/ha. This is an average from soil samples of 5 and 15 cm depth. 

The 5cm had a value of 27 t/ha, which is high compared with all the other sample points, while the 15 

cm had 17.6 t/ha, which is lower than the values of other 15 cm depth soil samples locations. Two 

hypotheses could explain this, either five years is not enough to change SOC in the soil by growing 

shrubs, or because with the Vallerani, you dig out the top 50 cm of the soil and are sampling a soil 

sample of 65 cm below the soil surface which could have lower values than the top 15. The high SOC 

in the top 5 cm of the pit is probably a combination of organic matter, the turnover of organic matter, 

and the inwash of the most nutrient-full top layer of the interspace due to erosion by runoff. The 

untreated area has a SOC of 19.36 t/ha.  

The study by Hall (2021) used remote sensing to determine the initial SOC and found a value of 16 

t/ha. The ISCRIC Soil organic carbon stock map shows SOC values of 24 t/ha in the research area and 

23 t/ha in the untreated references area just to the East of the research area. The mean SOC in Jordan 

is as low as 11 t/ha.  

A more detailed SOC sampling study should be conducted to find the exact reason. Compared with the 

soil organic carbon stock in tons per ha in the top 30 cm map of ISRIC and the Global Soil Organic 

Carbon Map of the FAO, carbon stocks show values of around 24 t/ha, which could be seen as a good 

match between the results from the sampling. The untreated areas have 21-23 t/ha carbon stock values, 

slightly higher than those measured. Another point of discussion is that the model is run for a location 

where spacing is lower, and suitability is high. The value modelled for this location is then used for the 

whole Badia.  

Uncertainties and recommendations 

The study by Hall (2021), which this study has used as its backbone, used a more simpler method to 

calculate the extra carbon sequestration. That study showed that 51.2% of the Jordan was suitable for 

MWH and could store 3.0 Mt of carbon in 10 years, which is between 3 to 6 times more carbon 

sequestrated than found in this study in 20 years. Lal (2002) 's study estimated a yearly carbon 

sequestration potential of 0.2-0.4 Gt for the whole MENA region. Calculating this for Jordan, 

considering the surface area deemed suitable if 16.5% of the Jordan Badia, yearly carbon sequestration 

potential is 0.15-0.3 Mt per year, which is also 20-40 times more than the result of this study.   
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The developed method in this study provides a good roadmap for identifying where and how much 

carbon can be sequestrated. The information provides an overview for decision makers of which soils 

have the most significant potential for success after implementing MWH, either for using carbon 

sequestration, soil rehabilitation, or both.  

The following recommendations are made. The focus on MWH implementation should be on highly 

suitable areas; these areas have a significant chance of successful MWH implementation. Comparison 

research needs to be carried out where other rehabilitation strategies need to be taken into account for 

areas that are marked as moderately, marginally and unsuitable. There is a chance that other 

techniques can rehabilitate these areas more successfully.   

In hindsight, some further research is required to improve the quality of the method. Soil depth and a 

stone map are required for an accurate land suitability evaluation. More research needs to be done to the 

rainfall threshold for the runoff on crusty soils for finding the exact runoff in these degraded areas. 

Lastly, the long-term effects of MWH on carbon sequestration need to be researched in semi-arid and 

arid soils. So short and long-term carbon sequestration predictions can be made. 

This study aims to improve the work of Hall (2021) by developing a method that can quantify the 

potential amount of carbon sequestration specific to any particular location when MWH is implemented. 
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6. Conclusion 
This study was performed to refine the work of Hall (2021) by developing a method that can quantify 

the potential amount of carbon sequestration specific to any particular location when MWH is 

implemented. Jordan Badia was used as a case study. To achieve this aim, the following objectives were 

defined: 

I) Classify the Jordan Badia into different suitability categories for MWH (and thus carbon 

sequestration) based on physical soil and climatical characteristics.  

The Jordan Badia is divided into four suitability categories: Highly suitable, moderately suitable, 

marginally suitable, and unsuitable. Results show that 42.5% of the Badia is unsuitable for MWH. 24.5% 

marginally suitable, 27.5% moderately suitable, and 5.5% highly suitable. The divisions are made based 

on soil and climatical conditions. The suitability decreases from North to South and from West to East.   

II) Determine optimal dimensions of the Vallerani MWH structures for successful plant growth 

based on the rainfall-runoff ratio.  

To find the density of structure, the optimal spacing was calculated using the curve number method for 

an annual water threshold of 200, 300, and 400 litres; between 9.5 and 16.5% of the Badia received 

enough rainfall to meet these criteria with a spacing of 4 to 25 metres in between two consecutive 

structures. The decrease from 57.5% suitable area to 9.5-16.5% between RQ I and II are explained by 

the high rainfall runoff threshold and the method of selecting how much water is collected in a year. The 

areas with the smallest spacing and the highest densities were found in the North-West 

III) Quantify potential location-specific carbon sequestration for the Jordan Badia. 

The  RothC-26.3 model showed that after MWH implementation, 37.6 tons of carbon per hectare could 

be sequestrated over 20 years. Combining this value with the spacing map and the suitability map, the 

result showed that between 0.48 and 1.1 Mt carbon could be sequestrated using MWH structures in the 

suitable areas of the Jordan Badia. The areas with the most impact are in the North-West, and its impact 

decreases from North to South and West to East. 

With this study, a method has been created to select areas that are most amenable to MWH. Although 

the sequestration values do not reduce the impact of climate change significantly, they affect the Badia 

positively in multiple ways as the carbon increases the soil health, the plants trap more water, provide 

food for livestock, and rehabilitate the degraded soils.  

 

For more accurate values, the relation between rainfall and runoff needs to be investigated for the 

different soils in Jordan. A reliable soil depth and stone map are required for a better suitability 

classification. A detailed study of the effect of carbon sequestration by vegetation on SOC is needed to 

increase understanding of the sequestration process.  
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Appendices 

Appendix 1 Inputs for RothC-26.3 model 
scenario 

1 Precipitation Eto Temperature Clay Cover 

Soil 

depth 

Plant 

residues DPM/RPM Manure 

Jan 45,6 47,59853 7,931525 32,5 0,6 0,23 0,15 0,67 0,008438 

Feb 34,2 63,18021 9,654705 32,5 0,6 0,23 0,15 0,67 0,008438 

Mar 20,8 100,2235 12,59824 32,5 0.6 0,23 0,2 0,67 0,008438 

Apr 7,1 141,2985 16,24455 32,5 0.6 0,23 0,25 0,67 0,008438 

May 1,9 196,3626 20,911 32,5 0.6 0,23 0,3 0,67 0,008438 

Jun 0,0 212,2946 23,40333 32,5 0.6 0,23 0,3 0,67 0,008438 

Jul 0,0 231,4125 25,38035 32,5 0.6 0,23 0,3 0,67 0,008438 

Aug 0,0 207,5142 25,36378 32,5 0.6 0,23 0,3 0,67 0,008438 

Sep 0,5 152,6417 23,73377 32,5 0.6 0,23 0,3 0,67 0,008438 

Okt 3,5 113,8375 19,83435 32,5 1 0,23 0,25 0,67 0,008438 

Noc 12,1 81,14883 14,46483 32,5 1 0,23 0,25 0,67 0,008438 

Dec 27,5 54,64711 9,425968 32,5 1 0,23 0,2 0,67 0,008438 

scenario 

2 Precipitation Eto Temperature Clay Cover 

Soil 

depth 

Plant 

residues DPM/RPM Manure 

Jan 45,6 47,59853 7,931525 32,5 1 0,23 0,025 0,67 0,008438 

Feb 34,2 63,18021 9,654705 32,5 1 0,23 0,03 0,67 0,008438 

Mar 20,8 100,2235 12,59824 32,5 1 0,23 0,05 0,67 0,008438 

Apr 7,1 141,2985 16,24455 32,5 0.6 0,23 0,05 0,67 0,008438 

May 1,9 196,3626 20,911 32,5 0,6 0,23 0,05 0,67 0,008438 

Jun 0,0 212,2946 23,40333 32,5 0,6 0,23 0,05 0,67 0,008438 

Jul 0,0 231,4125 25,38035 32,5 0,6 0,23 0,02 0,67 0,008438 

Aug 0,0 207,5142 25,36378 32,5 0.6 0,23 0,02 0,67 0,008438 

Sep 0,5 152,6417 23,73377 32,5 0.6 0,23 0,02 0,67 0,008438 

Okt 3,5 113,8375 19,83435 32,5 1 0,23 0,025 0,67 0,008438 

Noc 12,1 81,14883 14,46483 32,5 1 0,23 0,025 0,67 0,008438 

Dec 27,5 54,64711 9,425968 32,5 1 0,23 0,025 0,67 0,008438 

 


