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Abstract: 

 

 Groundwater is generally considered as the safest and inexpensive source of water supply 

for human consumption both for domestic and agricultural purposes. However, excessive 

fertilizer application or animal wastes in farms, leakages from sewerages and other effluents 

discharges contribute significantly to the ground water nitrate content. This paper is aimed at 

determining nitrate Hazard Index of the agricultural areas in the lower Part of Wadi Siham-Al-

Hodeidah using IPNOA Index and discusses the hazard factors of the agricultural areas. IPNOA 

parametric model combine Hazards factors (HF) (Inorganic fertilizers –Hfio; Organic fertilizers 

–Hfo; Sludge –HFs), with control factors (CF) (soil nitrogen content -CFn, climate -CFc, 

agronomic practices -CFap, and irrigation -CFi) in the nitrates hazard assessment. The model 

was modified using adjusted scores and weighted control factors accounted for the study area. 

The model was successfully calibrated for the lower part of Wadi Siham. The result from the 

model indicated high concentration of nitrate in the aquifers. The result of IPNOA Index found 

as moderate class is 31.67 %, low class is 26.13% and very low class is 22.45 % respectively. 

The high class was found in central and eastern areas of the Wadi Siham with percentage of 

16.12 %. The result further indicated that areas with high risk Index corresponds with areas of 

intensive agricultural activities and fertilizer application. Fertilizers (HFio, HFo) and irrigation 

(CFi) served as high influencing factors on the IPNOA index.  
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INTRODUCTION 

 

 Groundwater is generally considered as the safest and inexpensive source of water supply 

for human consumption both for domestic and agricultural purposes. However, excessive 

fertilizer application or animal wastes in farms, leakages from sewerages and other effluents 

discharges contribute significantly to the ground water nitrate content. Many aquifers are 

contaminated with nitrate resulting from improper wastewater management and nitrogen 

application in agricultural practices [1, 2]. Especially, where groundwater is recharge directly 

from the surface water which leads to aquifers subjected to anthropogenic impacts.  

 Nitrate concentration accounts for nearly 38% of the sampled wells in the study area 

(Wadi Siham) which exceeds the 50mg N-NO3 limit level for drinking water as recommended by 

World Health Organization (WHO) 1993 standard [3], and 22% of cultivated land in Europe [4]. 

Similar concentration was reported in USA and China [5]. However, several studies in Tehama 

basin reported high nitrate concentrate in the groundwater, and high recommendation was given 

by a number of authors [6, 7]. These findings justify high nitrate concentration in groundwater 

portraying the potential threat for groundwater contamination that can endanger human health. 

Risk assessment study will contribute to effective water source management and this plays 

significant role in both water quality and quantity [3]. 

 A more robust approach and method proposed in this study by applying Geographic 

Information System (GIS) to combine several data sets of agricultural nitrates hazard index 

(IPNOA- parametric model). The model utilizes several factors combined into one map of the 

nitrate hazard index in the study area from agricultural practices. Similar studies were conducted 

previously [8, 9, 10, 11, 12, & 13]. Each of these studies share similarities and differences and 

with one another in terms of methods, scope, and geographical location, different environment 

scales, and majority of area size concentration [9]. 

 The main objective of the study is to apply (IPNOA) parametric model at the catchment 

scale to hot coastal areas of Wadi Siham located at Tehama plain (Al-Hodeida city, YEMEN) 

groundwater where is the main source of drinking water at the study area. The NHZs from 

agricultural practices is assessed by the parametric model IPNOA [14]. The presented method 

was compared to the 2013 measured nitrate concentration from wells in the study area which is a 
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protracted issue of water resource as a result of increased demand for water consumption and the 

extreme droughts condition.  

LOCATION OF THE STUDY AREA 

 Wadi Siham located between within latitudes 1,600,000  - 1,670,000m  north and  

longitudes 280,00 m- 340,000m  east in the west of Yemen and form part of Tihama Basin which 

borders with the Red Sea [3]. It is considered as one of the important catchments discharging 

into Tihama plain and one of the major groundwater basins. The catchment area of Wadi Siham 

is about 4900 km
2
. It is generally divided into three topographic zones: upper, middle and lower 

basins including the coastal alluvial plains [15].  

The lower part of the Wadi is chosen as the study area which is bounded in the east by Jabal Al – 

Dhamer and Jabal Bura’a and in the west by the Red Sea. The area has a total population of 

961,655 people, according to population and housing census of 2004, with a growth rate of 13% 

as at 2014. The climate of the study area varies from hyper-arid (0 – 100 mm) in the coastal area 

and (300 – 400 mm) rainfall amount in areas with proximity to the escarpment. The mountainous 

areas usually record higher amount of rainfall of over 600 mm.  The temperatures ranges from 25 

o
C in winter to 35 

o
C in summer, and the relative humidity can reach an average of over 60% 

[15]. 

MATERIALS AND METHODS 

 

IPNOA (Parametric Model) 

 In essence, IPNOA model as a parametric index was established [14] to estimate the 

Nitrate Vulnerable Zones (NVZs) [4]. This method has been used worldwide to identify the 

NVZs which varies from country to another and many instances were not controlled under any 

regulation [9, 10, & 16]. As such three hazard factors (HF) that contributed to the nitrate load on 

the soil and four control factors (CF) that amplify or decrease the effect of such load were 

calculated.  

 Hazard Factors (HF) include organic fertilizer (HFof), inorganic fertilizers (HFif), and 

sludge (HFs) [17]. Five hazard classes were assigned to the different hazard factors, according to 

the varying amounts of nitrogen supplied through the different types of fertilizations. On the 

other hand, control factors (CF) include natural nitrogen content in soil (CFn), the climate (CFc), 
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agronomic practices (CFap)  and the irrigation system (CFi) used by applying different control 

classes with Hazard factors [17, 18, & 9]. This score value is allocated to the measured factors 

using conversion tables (Tables 1 and 2). The HF scores range from 0 to 5 and CF scores from 

0.94 to 1.10. A score of zero was given to non-agricultural land-use units (urban and non- 

agriculture areas). 

 

Table1. Hazard factors (HF) and relative scores 

Hazard Factors (HF) Score 

(i) Inorganic Fertilizer (Kg ha
-1

Year
-1

) HFif 

0 1 

1- 25 2 

26- 100 3 

101 -180 4 

> 180 5 

(ii) Organic Fertilizer (Kg ha
-1

 Year
-1

) HFof 

0 1 

1 – 150 2 

151 – 300 3 

301 – 500 4 

> 500 5 

(iii)    Sludge HFs 

0 1 

1 – 150 2 

151 – 300 3 

301 – 500 4 

> 500 5 

Source: [8,19] 

 

As a matter of fact, the effects of climate on organic matter degradation vary considerably in the 

study area which can be described as hot desert region. In addition, its significant sub-tropical 

dry variations, with low annual rainfall; very high temperatures in summer can easily reach 35- 

40°C. The winter is cooler with occasional rainfall, pleasant, with maximum temperatures 

between 23 to 25°C. For this reason, the study adapted the current model in conformity and 
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according to the study area environmental conditions, using different values and calibration 

accordingly. 

 

Table2. Hazard factors (HF) and relative scores 

Control Factor (CF)  Score 

Soil Nitrogen content (CFn)  CFn 

> .5  1.04 

.23 - .5  1.02 

.15 - .22  1.00 

.1 - .14  .98 

<.1  .96 

Climate (CFc)   

Rainfall (mm Yr
-1

) T (
o
C)  

> 1200 6-15 1.10 

1050 – 1150 13 1.08 

1050-1150 14-16 1.06 

950-1100 12 1.04 

800-1000 15-16 1.02 

600-1000 14-16 1.01 

500-900 12-13 1.00 

600-800 <16 .98 

600-700 13-14 .96 

< 600 15-30 .94 

Agronomic practices (CFap)  (CFap) 

Fertilization Tillage  

Ferti-irrigation  

Traditional tillage 

1.04 

Spread fertilization 1.00 

Leaf fertilization Minimum tillage .98 

Local fertilization .96 

 Non tillage .94 

Irrigation type (CFi)  (CFi) 

Flood  1.06 

Furrow  1.04 

Aspersion  1.02 

Drip  1.01 

No irrigation  1.00 

   

   

Source: [18, 19] 
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 The data used in this study was collected from Tehama Development Authority (TDA) 

using data records and current projects at the study area. For more accurate, in situ data 

(fertilization data, agronomic practices, irrigation) were collected calculated based on the IPNOA 

regulation [8, 14, 17, &18]. 

 

 Therefore, agricultural nitrate hazard scores are to be calculated, the sum of the hazard 

factor scores is multiplied by the scores of the control factors. The IPNOA indices are then 

ranked, in classes on a percentile basis using a scale ranging from 1 to 6, according to their 

hazard level [8] as shown in Table 3.  The IPNOA classes are assigned as 1 the areas with lowest 

hazard and 6 the areas with highest hazard table 3.  

 

 

Table1. Hazard factors (HF) and relative scores 

Source : [ (Capri et al. 2009; Ghiglieri et al. 2010) 

 

 The calculations of model were performed based on the data collected (TDA Projects and 

in situ data) by using geographical information systems (GIS) for data acquisition and 

processing. The IPNOA index were presented using a procedure of an ArcView GIS (ver. 

10.2.2), where each information in vector form using interpolation techniques. The processed 

result of IPNOA Index represents in map by solving Eq. (1). 

 

Results and Discussion 

 

Hazard Factors – Inorganic Fertilizers 

 An inorganic fertilizer (HFif) is defined with the average amount of nitrogen (kg/ha/year) 

used for each farm in the study area. The average amount of nitrogen was calculated from data 

provided by (TDA) Agriculture assistance department for farmers. The data obtained from the 

farmers’ records was varied in accordance with the agricultural practices employed. The data 

was then converted into scores and rated according to the above scale in Table 1 and Figure 1.  

 

Hazard Factors – Organic Fertilizers 

 Organic fertilizers were provided by the TDA Association of Cattle Farmers. The data 

was helpful to identify and locate intensive cattle farms with high intensive animal waste (HFof). 

Nitrogen input (kg/ha/year) was then calculated according to type and quantity of waste, the 

score is assigned in Table 1 and Figure 1. 

Potential hazard class IPNOAg Value Potential Hazard 

1 2.54–3.18 Improbable 

2 3.19–5.88 Very low 

3 5.89–7.42 Low 

4 7.43–9.31 Moderate 

5 9.32–11.10 High 

6 11.11–17.66 Very High 
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Hazard Factors – Sludge 

 Only very small number of Sludge (HFs) has practiced in the study area. Therefore, it 

was difficult to geographically delineate those areas the major score of 1 and 2 was assigned for 

this factor Table 1 and Figure 1.  

 
Figure 1: Parametric maps for hazard factors (HF). 

 

Control factors – Soil Nitrogen Content 

 The soil nitrogen content (CFn) was calculated and analyzed using soil project data for 

Wadi Siham in TDA Laboratory. Hence, the soil nitrogen content has low scores in the study 

area based on the IPNOA procedure. Only small areas at the center and west show moderate to 

high scores (Figure 2). The total nitrogen content was overlaid in the study area using geo-

statistic interpolation techniques [19, 8]. 

 

Control Factors – Climate 

 The climate data provided more than 30-year time series of temperature and precipitation 

for specialized layer and analysis from 1985 to 2012 (Urban Water and Sanitation Project., 2006) 

and recorded data. The study area associated with lower rainfall and higher temperatures which 

assigned as hot desert. The annual temperature ranges from 25 oC in winter to 35 oC in summer 

and the rainfall from 150 (coastal area)- over 600.  The climate majority score 0.94 (<600mm 17- 

30+ 
o
C) at the study area. In brief, the hot region effects of  nitrogen loss from leaching as low 

(Canter, 1996). 

 

Control factors – agronomic practices 

 The IPNOA method provides for a score (Table 2) for the combination 

tillage/fertilization. Agronomic practices CFap adopted in the study area is varying between 
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spread, ferti-fertilization and local, traditional tillage. Agronomic practices data based on land-

use, farmers, through field survey, and data availability for each zone in study area. The result is 

illustrated in Figure 2. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Parametric maps for control factors (CF). 

 

Control factors – Irrigation 

 

The irrigation control factor, (CFi), was obtained from farmers, integrated with field 

observations and comparing with data records with (TDA). Irrigation factor is very important 

since the high used of water can also facilitate the contamination movement towards aquifers. 

Once again, the classes were high based on the type of irrigation use in study area (flood type) 

which indicates high effects of nitrogen loss from leaching. This type of irrigation (flood type) is 

widely used in the study area. The method of irrigation types scores as showing in Table 2 and 

Figure 2.  

 

Agricultural Nitrates Hazard Index 

 

After long process of hazard factors (HF) and control factors (CF) definition, classification and 

scores. The procedure pointed out that the agricultural nitrate hazard index can be determined for 

each cell located in study area, then convert into IPNOA scores using the Eq (1):  

 

IPNOA (HI) = (HFof + HFif + HFs) x CFn x CFc x CFap x CFi             Eq (1)             
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The hazard factors contribute to a greater extent to the raw IPNOA value. In other hand, the 

control factors were determined by multiplying the single factor. That is the process used to limit 

the weight of these parameters with respect to the real impact of the nitrogen load. The values of 

the IPNOA index were then divided into 6 classes [14, 8]. The hazard rating was then assigned to 

each class as shown in Table 4 and Figure 3.  

 

 

 

Figure 3: IPNOA Hazard Index.   

 

IPNOA model results that (Table 4) the major classes were highly represented in study area as 

moderate class (moderate potential risk) 31.67 %, low class 26.13% and very low class was 
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22.45 % respectively. In other part, the high potential of risk class was found in central and 

eastern areas of the Wadi Siham with percentage 16.12 %. The very high classes were 

represented in small amount was associated with high score class areas which represent 1.42 % 

as showing in Figure 3. These results mainly are represented due to the intensive agricultural 

activities where fertilizer applications were the major correspondence factors.  

 

Table 4: Result Classes, values, levels and distribution of IPNOA hazards in study area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: graph represent Distribution of IPNIA Classes in study area. 

 

CONCLUSION  

 As conclusion, based on the Hazard Factors (HF) distribution the inorganic fertilizer 

HFio scores highest hazard which represent in the center and east areas of Wadi Siham. The high 

scores of HFio were due to heavy use of fertilizer for market crop (fruits, maize and tobacco) 

which are considered as economic products. The moderate and low score have the majority of 

HF and CF was illustrated in study area as shown in Figure 1&2. Furthermore, organic fertilizers 

Potential Hazard  IPNOAg Value Potential Hazard Areas % 

1 2.54–3.18 Improbable 2.21      % 

2 3.19–5.88 Very low 22.45    % 

3 5.89–7.42 Low 26.13    % 

4 7.43–9.31 Moderate 31.67    % 

5 9.32–11.10 High 16.12    % 

6 11.11–17.66 Very High 1.42      % 
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(HFof) have an effect on the moderate and high score classes in the study area as shown in 

Figure 1.  On the other hand, sludge factor HFs show low rate of use in the study area.  

 However, the analysis process for the control factors (CF) identified that climate CFc and 

soil nitrogen CFn factors are associated with the lowest rating (very low, low) as illustrated in 

the area (Figure 2).  One type of irrigation (flood type) widely used in the study area which 

increase influences the hazard in the area. Several areas which mainly depend on rainfall seasons 

(No irrigation) identified at the west and coastal side of area. Those characteristics made 

significant rating of irrigation factor by increasing the hazard classes as shown in Figure 2. 

 In summary, with high techniques and procedures the data of IPNOA Index illustrated 

that, the factors of CFap and CFi as control factors (Figure 2) increase the hazard in study area. 

Accordingly, this increase at the central area and east area of the Wadi Siham due to the tillage 

types and irrigation type support spread process of fertilizers over the area. The irrigation factor 

CFi has highest influence on the IPNOA Index among CF. In a comparison of hazard factors HF 

the organic fertilizer has highest influence on the IPNOA Index (Figure 3).   

 As major classes were highly represented in study area as moderate class (moderate 

potential risk) 31.67 %, low class 26.13% respectively. In other part, the high potential of risk 

class was found in central and eastern areas of the Wadi Siham with percentage 16.12%. The 

very high classes were represented in small amount was associated with high class areas which 

represent 1.42 % as showing in Figure 3. In Sardinia-Italy the highest class in IPNOA Index was 

very low class with 59.9 % [8].   

 Comparing to other studies, the influence of the irrigation factor on the IPNOA index was 

high comparing to other control factors as CFa and CFpa [8]. In other hand, the IPNOA index in 

Fossano-Italy, it is remarkable that around 85% of the area falls into the Moderate (class 3) and 

the intrinsic nitrate contamination risk was greatly influenced by N fertilization [20]. At the same 

area (Fossano-Italy) IPNOA nitrate hazard illustrate that 68% of the area falls into Very High 

class 5 and 4% into Extremely High class and Organic fertilization and sewage sludge have no 

major effect on the nitrate load in these agricultural areas 6 [17].    

 As hot desert region, factors as rainfall and temperature have inefficient result on this 

area. Hence, soil texture is highly recommended to be applied as control factor (CFs) for future 

study. In additional, sandy, mangrove and sandy loam soils have greater influences on IPNOA 

hazard by increasing the permeability and N movement through soil to groundwater.   
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