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Abstract 
Metahara is the largest sugarcane farm in Ethiopia. It produces around 120,000 tons of sugar per 
year. The farm has been facing some problems such as salinity and sodicity, which has been stu-
died by different experts for several decades. However, the other universal problem of agricultur-
al farms is nitrate leaching loss, which has never been studied in the site, owing to lack of re-
sources and expertise. The amount of nitrate leaching from agricultural farms can be measured 
directly from drainage rates or estimated by using numerical models. Measurements of drainage 
flow can be done by using lysimeters, but normally it can be estimated from water balance calcu-
lations or from field measurements of hydraulic gradients and hydraulic conductivities. However, 
in reality, hydraulic conductivity is highly variable and measurements in the field can be very la-
borious. Moreover, predicting nitrate leaching losses by using numerical models from such data- 
poor study area is also another problem. Nevertheless, groundwater nitrate concentration of the 
farm is measured by using the UV screening and distillation methods. Using the experimental re-
sults as an input for the model calibration, the amount of nitrate leaching from the farm is pre-
dicted for a 47 years of simulation period using the LEACHN model. In this case, both the measured 
and predicted values of nitrate leaching losses show that there is no nitrate problem in the site. 
However, even though the likelihood of detecting nitrate contamination in the study area is low, 
potential anthropogenic nitrogen sources must be carefully managed, for it is better to be safe 
than regretful. 
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1. Introduction 
Nitrate is an inorganic compound which can be man-made or a natural contaminant in groundwater and drinking 
water supplies. The downward movement of this contaminant due to rain and irrigation water is called nitrate 
leaching. Leaching may also refer to the practice of applying excess irrigation water to avoid salts from building 
up in the soil profile. However, in this case, drainage may be necessary to carry away the excess water. Soil tex-
ture and structure, crop type and cropping system, type and application rate of fertilizers are some of the factors 
affecting nitrate leaching [1]. 

Nutrient loss from agricultural farms in general is an increasing concern worldwide [2] [3]. Nitrate leaching in 
particular is a problem in many agricultural areas [2]-[5]. Modern agriculture is based on the notion that nitrate 
is the main source of nitrogen (N) for crops. Yet, nitrate is also the most mobile form of N and easily loses from 
soil [6]. Efficient acquisition of nitrate by crops is a prerequisite for avoiding off-site N pollution [7]. The nitrate 
uptake capacity of some crops may be high, while it could also be considerably low for some of the crops like 
sugarcane. Therefore, the variations in nitrate and water uptake capacity of crops create a difference in the 
amount of nitrate leaching to the underlying groundwater and downstream surface water bodies [7]-[9]. 

According to [10], sugarcane has a preference for ammonium and a low capacity to use nitrate during periods 
of high N availability [2]. Sugarcane differs from grain crop, sorghum and maize, which acquires both N sources 
equally well [10]. Nitrogen fertilizer recovery by sugarcane is comparatively low and ranges from 20% to 40% 
with up to 65% of applied N-fertilizer lost from the sugarcane soil system [2] [10]. These losses occur via path-
ways that include ammonia volatilization, gaseous emissions through microbial conversion of ammonium and 
nitrate, and nitrate leaching [10] [11]. 

A nitrate in groundwater and drinking water supplies is mainly a great concern for infants less than six 
months old, pregnant and nursing women [3] [12]. The most common symptom of nitrate poisoning is a bluish 
color to the skin, particularly around the baby’s eyes and mouth [13]. High nitrate in drinking water is also a 
concern for young and pregnant animals [13]. Even though neither the chronic nor the immediate health effects 
of N-nitrosamines are well understood yet, nitrate can also cause cancer when it interacts with organic com-
pounds (secondary amines) to form N-nitrosamines, which are known to cause cancer [13] [14]. 

Furthermore, nitrate leaching also has environmental problems. The environmental problems caused by the 
availability of inorganic nitrogen in aquatic ecosystems including water acidification, eutrophication and toxicity 
issues for animals including humans. In general, nitrate leaching is responsible for the main environmental im-
pact of nitrogen fertilizer applications on water quality in all over the world [3] [15]. Therefore, groundwater 
and drinking water supplies, especially those nearby to agricultural farms should be tested for their nitrate con-
tents periodically. 

One of the largest sugarcane farms in Ethiopia is thus the Metahara sugarcane farm. It started production in 
1966. It produces around 120,000 tons of sugar per year. The farm has been facing some problems such as salin-
ity and sodicity, which has been studied by different experts for several decades. The other main issue that 
should be known in an agricultural production for an environmentally, economically and socially suitable agri-
cultural sector is the nitrate leaching loss. However, nitrate leaching from Metahara sugarcane farm has never 
been quantified so far, owing to lack of equipment and expertise; while, it is expected to contaminate the under-
lying groundwater and pollute the downstream surface water bodies, for the majority of the farm (10,000 ha of 
the total 10,130 ha) is covered by sugarcane.  

Nevertheless, direct measurement/quantification of nitrate leaching is difficult. Direct methods may require 
the measurement of drainage rate and its nitrate concentration [16]. Direct measurement of drainage flow is only 
possible using lysimeters, but normally it can be estimated from water balance calculations or from field mea-
surements of hydraulic gradients and hydraulic conductivity [15] [17]. However, in reality, hydraulic conductiv-
ity is highly variable and measurements in the field could be very laborious [18].  

Thus, prediction of nitrate leaching from the agricultural land is crucial to know the current, short term and 
long term contributions of nitrate leaching loss to the surface water pollution, water quality degradation and 
groundwater contamination. The alternative method of predicting nitrate leaching is to estimate it with the use of 
computer simulation models [19]. Accurate modeling of nitrate leaching requires simulations of both the soil 
hydrological and biogeochemical processes [18]. 

Therefore, the objectives of this study were to predict the long term (47 years (1966-2013)) nitrate leaching 
loss from the Metahara sugarcane farm to the underlying aquifer, to provide feedbacks on the nitrate leaching 
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problems and recommend some appropriate groundwater protection practices. The approach chosen and applied 
in this simulation was the one-dimensional LEACHM model [20]. In this case, predictions were conducted 
based on land uses (Figure 1).  

The LEACHN Model 
LEACHM is one of the widely used computer simulation models for nitrate leaching estimation. It is a one-di- 
mensional model of water and solute movement, chemical reactions and transformations, and plant uptake in the 
unsaturated zone [21]. The LEACHM model is written in FORTRAN and utilizes numerical solution techniques 
in which water flow is based on solution of Richard’s equation and solute movement is based on solution of a 
convection-dispersion equation including source and sink terms. Water flow in LEACHM (for transient vertical 
soil water flow based on the 1-dimensional Richard’s equation) is derived from Darcy’s Law and the continuity 
equation. A finite difference approximation solves the Richard’s equation for water flow. The model requires 
empirical functions relating fractional volumetric water content (θ), pressure potential (H), and hydraulic con-
ductivity (K).  

Darcy’s law was developed for saturated flow in porous media; to this Richards applied a continuity require-
ment and developed a general partial differential equation describing water movement in unsaturated soils. The 
transient state form of this flow equation is then known as Richards’s equation: 

( ) ( ),HK U z t
t z z
θ θ∂ ∂ ∂ = − ∂ ∂ ∂ 

                               (1) 

where, K = is the hydraulic conductivity (mm/day), H = hydraulic potential (matric and gravitational potential) 
(mm), z = depth (mm), θ = is the volumetric water content (m3/m3), and t = is time (day). U = sink term which 
indicates water lost per unit time by transpiration (mm/day). 

Richards equation is then equivalent to the groundwater flow equation, which is in terms of hydraulic head (h), 
by substituting h = H + z, and changing the storage mechanism to dewatering. The reason for writing it in the 
form above is for convenience with boundary conditions (often expressed in terms of pressure head, for example 
atmospheric conditions are H = 0). 
 

 
Figure 1. Land use map of Metahara sugarcane farm. 
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As described above, the solute movement in the LEACHM model is based on solution of convection-disper- 
sion equation including the source and sink terms [21]. The equation is written as follows: 

( ),cL cLD q qcL
t z z
θ θ θ∂ ∂ ∂ = − +Φ ∂ ∂ ∂ 

                            (2) 

where, cL = solution concentration, Ф = source and/or sink term, D = effective dispersion coefficient, q = water 
flux density, z = distance and t = time. 

Currently, the model uses water retention functions based on those proposed by Campbell [22] and modified 
by Hutson and Cass [23]. The Hutson and Cass modified water retention equation is given as:  
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where θ is the volumetric water content, θs is the volumetric water content at saturation, hc, θc is the point of in-
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The constant “a” is sometimes regarded as an air-entry value and is usually obtained by curve-fitting, but does 
not have any physical significance [22].  

In LEACHM, the hydraulic conductivity of the soil is also described by the Campbell’s conductivity equation 
(Campbell 1974). i.e., 

( ) ( )2 2b P
s SK Kθ θ θ + +=                                  (6) 

where, K = hydraulic conductivity, Ks = hydraulic conductivity at saturation, P = pore interaction parameter. 
LEACHM denotes all versions, and LEACHC, LEACHN, LEACHP and LEACHB specify the salinity, ni-

trogen, pesticides and microbial growth sub-models, respectively [21]. The LEACHN model simulates vertical 
nitrogen movement within the unsaturated soil profile. It considers a soil profile with a series of separate hori-
zontal layers, each with its own physical, water retention and content characteristics and nitrogen content. 
LEACHN allows the role of vegetation, water uptake and nutrient cycling, to be incorporated into the soil pro-
file. Water inputs into the profile can be from rainfall and irrigation, and nutrient inputs can be from fertilizer 
application or other amendments. Water losses from the profile such as runoff, evapotranspiration and leaching 
are also incorporated in the model. Therefore, nutrient losses can be through runoff, gaseous losses or leaching. 
Graphically, nutrient cycling in LEACHN is represented as shown in Figure 2. 

2. Materials and Methods 
2.1. Model Input Data Collection 
2.1.1. Rate Constants and Initial Nitrogen Concentrations 
The model input data, describes soil properties for each layer, crop growth and phonological data, soil manage-
ment information, meteorological data, N transformation and their rate constants, and boundary conditions. 
Some of the important rate constants used in the model, such as the (NH4-N) partition coefficient, (NO3-N) parti-
tion coefficient, and some other model input parameters, such as the b parameter in Campbell equation, Q10, 
air-entry value in the Campbell equation and molecular diffusion coefficient were obtained from published 
sources and some of them were suggested by the model developers.  
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Figure 2. Nitrogen cycling in LEACHN. 

 
The organic nitrogen pool within a soil profile is significantly influenced by the initial conditions that are es-

timated for organic carbon content in the soil. Estimating the initial nitrogen and carbon content in the soil pro-
file was one of the most important activities in this simulation. In order to get the starting values of nitrogen and 
carbon from residue and humus, the model was run for 47 years of simulation period with 20 numbers of repeti-
tions, until the value of nitrogen and carbon become constant. Then, those values of nitrogen and carbon were 
taken as initial values from residues and humus. Finally, after filling the necessary input data, simulation was 
conducted for 47 years of simulation periods and the model results were analyzed accordingly.  

2.1.2. Secondary Data Collection and Interpretation 
1) Irrigation Practice 
There are different types of irrigation practices. The type of irrigation practice used in the study area is surface 

irrigation (furrow irrigation system for sugarcane and basin irrigation system for orchard crops). The dimensions 
of the furrow are 100 m in length, 60 cm in width and 30 cm in depth. 

The main source of water for the farm is taken by means of diversion structure/weir from the Awash River, 
upstream of the farm and which has an elevation of around 985 m ASL. All of the weir structures are con-
structed across the Awash River in a concrete type. Because the source of irrigation water is river water, it has a 
continuous flow. The diverted water from the main course of the Awash River is stored in the night storage re-
servoirs for 15 hours. So, during irrigation times, the farm is irrigated for 9 hours, using the stored water in the 
night storages. And the process continues similarly for the next irrigation times. The irrigation water application 
is 40 L/sec/ha. According to the information obtained from the head office of the enterprise, the field irrigation 
efficiency is 60% and the conveyance efficiency is 85%. The irrigation interval, even though it varies based on 
the soil type and some other factors, is taken as an average of 15 days. 

2) Land Use and Fertilizer Application Practice 
According to the information obtained from the head office of MSF, the total irrigated land coverage of Me-

tahara sugarcane farm is 10,130 ha. Of the total area, 10,000 ha is covered by sugarcane and the remaining 130 
ha is covered by some other orchard fruits. The farm is divided into different irrigation units. One irrigation unit 
covers 64 ha of land.  

Information about the fertilizer application practice was also obtained from the detailed soil re-evaluation 
survey conducted in the study area by Booker Tate Ltd in 2009 [24]. Although urea is currently being used to 
some extent in Metahara sugarcane farm, all N fertilizers are applied as Ammonium Sulfate Nitrate (ASN). ASN 
is a nitrogen fertilizer, formed by the mixture of ammonium sulphate (NH4)2SO4 and ammonium nitrate 
(NH4NO3). It contains 26% N and 13% Sulfur in a sulfate form [25]. 

Even though the nitrogen fertilizer application varies based on the soil types and some other factors, the av-
erage rates of fertilizer applications in Metahara sugarcane farm are 400 kg/ha of (ASN) for sugarcane plant, 
500 kg/ha of ASN for the first and second ratoon crops and 600 kg/ha of ASN for the third ratoon crops [24]. 
This implies that the fertilizer application interms of nitrogen is 104 kg N/ha for sugarcane plant, 130 kg N/ha 
for the first and second ratoon crops and 156 kg N/ha for the third ratoon crops. The method of calculating the 
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amount of nitrogen from the ASN fertilizer is by just taking 26% of the values of the ASN fertilizer, for ASN 
has 26% of nitrogen content. Thus, these three fertilizer application values were used in the simulation processes. 
The reason for applying less N in the sugarcane plant than the ratoon crops is because of that land preparation 
operations lead to additional mineralization of soil N. 

The other type of nutrient to be considered in an agricultural production is phosphorus (P). The amount of 
phosphorus being applied in the study area is 60 kg P/ha for all replant fields and 30 kg P/ha for ratoon crops. As 
an alternative source of nutrients the enterprise sometimes uses 50 t/ha of filter cakes, which can produce 60 kg 
P/ha. However, in this case, additional inorganic nitrogen fertilizer is added, for the excess N can be used to 
keep a balance on the carbon to nitrogen ratio. The carbon to nitrogen ratio (C:N) in the study area is 20:1 [24]. 

3) Soil Property Data 
The soil physical property data is also one of the major inputs of the LEACHN model. A detailed soil survey 

was conducted in the study area by Booker Tate Ltd. in 2009 [24]. The soil property data used as an input for the 
model were then taken from the Metahara sugarcane farm main soil re-evaluation report. The soil property data 
used in this simulation is summarized in Table 1. 

4) Meteorological Data 
The important meteorological data for the LEACHN model are precipitation, temperature, evaporation and 

evapotranspiration. The long-term monthly meteorological data of the site were obtained from the head office of 
the MSF. The average monthly rainfall was fairly distributed into the number of rainy days, for the numbers of 
rainy days were known. This was done because of the daily meteorological data was not fully documented; oth-
erwise, using the daily data would have been better instead. Similarly, the other necessary meteorological in-
formation was also taken from the monthly average data. Because of the weekly reference ET and mean temper-
ature values were used, the monthly data was divided by 4 to get the weekly average data. Furthermore, the ref-
erence evapotranspiration were estimated from the class “A” pan evaporation value. 

There are different methods to estimate the reference crop evapotranspiration (ET0). One of the common me-
thods used is converting the class “A” pan evaporation (EPan) into ET0 by using a pan coefficient (KPan) [26]. In 
pan method, the following relationship is used: 

0 pan panET K E= ∗                                     (7) 

where, ET0 is the reference crop evapotranspiration (mm day−1), Epan is the measured class A pan evaporation 
(mm day−1) and Kpan is the pan coefficient [27]. The pan coefficient value varies due to different conditions. i.e., 
it is highly dependent on the surrounding conditions. However, the average Kpan value is taken as 0.7 [27]. The 
above equation was used to estimate the reference evapotranspiration for the site, which is one of the major in-
put data for the LEACHN model. 

5) Crop Data 
The main crop type grown in the study area is sugarcane. The average production of the farm is 120,000 tons 

of sugar per year. This implies that the production is 12 tons per year per hectare of irrigated field. The rate of N  
 

Table 1. Soil property data. 

 Soil physical properties Values used 

Soil profile 

Particle density (kg/dm3) 2.65 

Bulk density (kg/dm3) 1.3 

Organic carbon (mass %) 1.5 

Hydraulic conductivity (mm/d) (only for the simulations based on land use) 200 

Profile thickness (mm) 1600 

Segment thickness (mm) 100 

Dispersivity (mm) = between 0.5 to 2 times of the segment thickness 100 

Clay (%) (only for the simulations based on land use) 55 

Silt (%) (only for the simulations based on land use) 25 
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fertilizer addition on the farm is 104 kg N/ha for sugarcane plant, 130 kg N/ha for first and second ratoon crops 
and 156 kg N/ha for the third ratoon crops [24]. This shows that the rate of N application on the farm is 8.667 kg 
N t−1 cane for sugarcane plant, 10.83 kg N t−1 cane for the first and second ratoon crops and 13 kg N t−1 canes for 
the third ratoon crops. However, according to different literatures, the nutrient uptake capacity of sugarcane is 
very low, 2.8 kg N t−1 cane [28]. Therefore, in this case, the target nitrogen uptake for sugarcane was taken as 
(12 ton cane ha−1 * 2.8 kg N t−1 cane) 33.6 kg N/ha. 

2.1.3. Field Observation and Measurements 
The nitrate leaching loss from the study area varies based on the land use and soil type differences. To estimate 
the loss of nitrate from each and every land use, a plantation map (land use map) was prepared using ArcGIS 
10.1. The site was first supervised for the simplicity of the land use classifications. The boundary elevation and 
point elevations for some irrigation units in the study area were obtained from previous studies. Moreover, 
boundary elevation data for the remaining land uses (which have not been included in the previous studies) were 
also measured using GPS. 

2.1.4. Laboratory Measurements  
Four wells were drilled within the farm to take water samples that can fairly represent the groundwater in the 
study area. Groundwater samples were taken from these 4 wells for experimental purposes. Samples from every 
well were then experimented for their nitrate and ammonium concentrations in “JIJE LABOGLASS P.L.C”, 
Addis Ababa, Ethiopia. 

The test methods used to experiment the nitrate nitrogen concentration of the water samples were APHA 
4500-NO3—B, Ultraviolet Spectrophotometric screening method and Devardas distillation method. Devardas 
distillation method was used for the sample from Z-65 (near lake Beseka), for it was not possible to detect it us-
ing the ultraviolet screening because of the clarity of the water. While, MgO distillation method was used to test 
the ammonium nitrogen concentration of the samples. 

The test results of each water sample are listed in Table 2. ND in Table 2 indicates for the results with less 
than method detection limit. As it is shown in column 5 of Table 2, the nitrate nitrogen concentration of the 
groundwater in the study area varies from one irrigation unit to another, especially on the sides of the farm. This 
could be because of the external impacts. The lower nitrate nitrogen concentration on the Z-65 irrigation unit, 
for example, could be due to the lake water intrusion from Lake Besseka, which has a concentration of 0.233 mg 
NO3_N/L. In addition, the lower NO3_N concentration in the near factory water is also due to the Awash River 
water intrusion. 

Hence, the nitrate nitrogen concentration values of the four samples (S/N 1-4, Table 2) were averaged to es-
timate the average concentration of the groundwater in the study area. Thus, the average groundwater nitrate ni-
trogen concentration was found to be 3.58 mg/L, which is below the maximum contaminant level standard de-
signed by WHO and USEPA, (10 mg NO3_N/L) [29]-[31].  

2.1.5. Sensitivity Analysis 
The model was evaluated using a two year input data (01/01/1966-31/12/1967) and the results were analyzed 
accordingly. Much work has been done on sensitivity analysis. As a result, it was possible to identify the para-
meters which the model output is sensitive to, using the input parameter values shown in the Table 3. After  
 

Table 2. Experimental results. 

S/N Lab No Irrigation Unit NH4-N (mg/L) NO3-N (mg/L) 

1 J-W-0022/14 Near factory water ND 2.00 

2 J-W-0023/14 R-44 ND 5.40 

3 J-W-0024/14 Z-65 ND 1.51 

4 J-W-0025/14 R-42 ND 5.40 

5 J-W-0026/14 Lake Besseka water ND 0.23 

6 J-W-0026/14 Awash river water ND 0.50 
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Table 3. Range of the values of model input parameters used for analysis in this simulation. 

Input parameter Range of values 
used for analysis 

Literature  
values 

Used in this  
simulation 

Nitrification rate, d−1 0.01 - 0.4 0.01 - 0.5 0.1 

Denitrification rate, d−1 0.001 - 0.3 0.001 - 0.1 0.13 

Mineralization rate (humus) × 10−4, d−1 1 × 10−5 - 0.001 - 1 × 10−5 

Mineralization rate (plant residue), d−1 0.01 - 0.03 0.01 - 0.2 0.01 

Mineralization rate (manure), d−1 0.01 - 0.03 0.01 - 0.03 0.02 

Ammonia volatilization rate, d−1 0 - 0.4 0 - 0.4 0.2 

Q10 1 - 3 2 - 3 2 

Air-entry value (Campbell equation) 0.3 - 3 Vary 1 

b parameter (Campbell equation) 7 - 20 Vary 12 

Partition coefficient (NH4-N), L kg−1 1 - 4 3.0 3 

Partition coefficient (NO3-N), L kg−1 0.0 0.0 0 

C/N ratio for biomass and humus 10 10 10 

 
identifying the input parameters which the simulation result is sensitive to, suggestions for the best estimated 
value of some of the N transformation rate constants were obtained from the model developer (Dr. John Hutson, 
Flinders University, Australia). Some values were also obtained from literatures. 

The range of values of the N transformation rate constants and some other model input parameters used to 
analyze the sensitivity of the model are listed in Table 3.  

The unit gradient drainage was chosen as a lower boundary for the Richards option water flow. The reason 
why this type of lower boundary was selected is that in the unit gradient option, any nitrate or chemical accu-
mulation in the profile is either due to any of the amendments or from N mineralization [20] [21]. i.e., there is no 
flow coming from the underlying groundwater in this case. However, if we take the other options as a lower 
boundary, water table for example, can be affected by the water which can flow upward from the underlying 
aquifer [32]. So, if the groundwater is contaminated with nitrate, it increases the nitrate content of the profile 
when it rises up, and it leaves some amount of nitrate on the profile when it falls. In this case, the unit gradient 
lower boundary option is the safest option to use.  

As it is shown in the Figures 3-8, the LEACHN model was found very sensitive to denitrification, nitrifica-
tion, mineralization (especially humus), and the b parameter in the Campbell equation. Sensitivity analysis of 
the molecular diffusion (D0) and dispersivity coefficients (not included in Table 3), air-entry value of the 
Campbell’s equation, and Q10 indicated that changes in these coefficients do not have a considerable influence in 
the simulated model outputs.  

2.1.6. Model Calibration  
Calibration is the process of modifying the input parameters to a model until the output from the model matches 
an observed set of data. In this case, the average groundwater nitrate nitrogen concentration found from the la-
boratory measurements, 3.58 mg NO3_N/L, was used to calibrate the LEACHN model. The model input para-
meters were modified until the simulated nitrate nitrogen concentration matches the average experimental result. 

The other data found for calibration purposes was the nitrogen stress data of the crops. There was a study 
conducted on the study area, by the Booker Tate Ltd. in 2009, regarding leaf N%. They took 164 samples from 
the study area; of the 164 samples taken, 22% were found to be below the accepted lower limit for leaf N% 
within any season (1.6%), whilst the remainder (78%) showed satisfactory levels of N (Figure 9). Requirements 
for the leaf N levels are, however, related to crop type and cropping season. In South Africa, for example, the 
threshold value has been determined to vary between up to 1.6% (for late season ratoon cane) to 1.9% (for early 
season plant cane) [24]. The lowest of these figures (1.6%) has been used during the analysis. Therefore, in this  
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Figure 3. Sensitivity analysis of nitrification rates. 

 

 
Figure 4. Sensitivity analysis of denitrification rates. 

 

 
Figure 5. Sensitivity analysis of humus mineralization rates. 
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Figure 6. Residue mineralization rates. 

 

 
Figure 7. Ammonia volatilization rates. 

 

 
Figure 8. b parameter in the Campbell equation. 
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Figure 9. Distribution of leaf N% levels in 164 leaf samples in Metahara sugarcane farm (Modified 
from Booker Tate 2009). 

 
manuscript, 78% of N level was used as the lowest plant nitrogen uptake to target. The model was repeatedly 
run and the input parameters were modified until the nitrogen uptake to target values along the whole simulation 
periods became above 78%. 

2.1.7. Equations Used for the Nitrogen Transformation Processes in LEACHN 
There are different factors that affect the values of the nitrogen transformation rate constants. One of the major 
factors is the C:N ratio. The value of C:N in the soil influences the values of the nitrogen transformation con-
stants. For instance, the value of C:N > 30 causes immobilization; while, C:N < 20 causes mineralization (Jon-
son et al. 1993, Toride and Chen 2011). According to Hutson (2005) quoted in [33], the equations used for some 
of the nitrogen transformation processes are presented below: 

1) Mineralization 
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where, ( )_d

d
org Ni dC

t
 = nitrogen production rate from organic mater  

( )d

d
bioNi pC

t
 = nitrogen production rate from biomass 

( )_d

d
hum N pC

t
 = nitrogen production rate from humus  

Rorgi = C:N for organic matter 
fei = efficiency factor 
fhi = humification factor 
Rbio = C:N for biomass  
Rhum = C:N for humus 
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_d
d
org ciC
t

 = organic carbon production rate 

Korgi = first order rate coefficient 
2) Immobilization 
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1 ei

org o
org ci

f C
R R

C
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 

∆ =                              (9) 

where, 
4NHC∆  = the amount of immobilized NH4-N per day 

Rorgi = C:N for organic matter 
fei = the efficiency factor 
Ro = constant, sometimes expressed as Rorgi* fei 
Corg-ci = organic carbon 
3) Net Nitrate Production 

3
3 4

NO
NO NH

d
d den nit

C
k C K C

t
= − ∗ + ∗                          (10) 

where, 

3NOd
d

C
t

 = net nitrate production 

3NOdenK C∗  = denitrification 

4NHnitK C∗  = nitrification  

denK  = denitrification constant and nitK  = nitrification constant 

2.2. GIS Modeling  
ArcGIS 10.1 was used to develop the land use map and to show the spatial distribution of the nitrate leaching 
loss based on the land use differences. Using the point elevation data of the irrigation units in the farm obtained 
from previous studies and those measured using GPS, the land use map was developed using ArcGIS 10.1 (Fig- 
ure 1).  

Additionally, maps showing the change of cumulative nitrate concentration with time were prepared using 
ArcGIS10.1. In this case, the nitrate leaching loss values obtained from the LEACHN model were used as an 
input to the GIS modeling. Finally, it was possible to visually display and spatially distributes the simulation re-
sults based on land use differences using ArcGIS 10.1. 

3. Model Results and Discussion 
3.1. Simulation Based on Land Use 
Land use is the utilization of land for different purposes such as agricultural, industrial, residential, recreational, 
or other purposes. The type of land use that needs to be considered in this case is agricultural land use. The 
agricultural land in the study area is mainly used for sugarcane and orchard farming.  

3.1.1. Model Results from the Sugarcane Farm 
The cumulative amount of nitrate nitrogen leached from the sugarcane farm to the underlying groundwater, in 
the 47 years of simulation period, was found to be 178.8 kg/ha, while the ammonium nitrogen and urea nitrogen 
leaching were found to be 1.1 and 0 kg/ha, respectively. From this, the 47 years cumulative amount of water 
drained from the farm was found to be 4756.4 mm/m2. Now, we can calculate the nitrate nitrogen and nitrate ion 
concentrations of the water draining to the underlying aquifer in the study area. The first procedure to calculate 
the nitrate concentration in this case is to make unit conversions. 

i.e., 3 3

2

2
kg mgkg mg m178.8 1000NO N 178.8 N000 10000 17880

ha kg haha
O

m
N− − 

=  
 

=




∗  . 
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Dividing the mass of the nutrient leached per m2 by the depth of water drained per m2 will give us the 
3NO _N−  concentration value. So,  

2

2

3

mg17880 mg mgm 3.76 3.76mm mm L4756
N

.4
m

O _N− = =  =   

The atomic weight of 3NO−  is 62 and that of N is 14. The 3NO−  concentration can, therefore, be calculated 
as:  

mg mg3.76 62 14 16.65
L L

 ∗ = 
 

.  

Moreover, the total nitrogen concentration of the water leaching to the underlying aquifer can also be calcu-
lated as follows: 

[ ] [ ] [ ] [ ]Nitrogen nitrate nitrogen ammonium nitrogen urea nitrogen= + +              (11) 

[ ] [ ] ( )2

2

3 4 2

2
N NO -N NH -N CO NH -N 3.

mg110mg mgm 0 3.78mmL L4756.
7

m

6
4

−   = + + =  + + = . 

where, [] indicates for concentration. 
In this case, it is assumed that the source of groundwater nitrate contamination in the study area is only from 

the leaching loss, for the LEACHN model was calibrated using the average measured groundwater nitrate con-
centration, while there could also be other sources of groundwater nitrate. Geologic formations, for example, can 
be considered as sources of groundwater nitrate contamination [34]. However, irrespective of the sources of 
groundwater nitrate, the groundwater nitrate concentration in the study area lays at the low risk standards estab-
lished by the USEPA and WHO in accordance with the Safe Drinking Water Act. It can still be used for a 
drinking water supply, but this does not imply that there is no need for treatment before use. This inference will 
only answer the nitrate related threats. A detail groundwater analysis, including other parameters apart from ni-
trate, is needed to make an accurate conclusion regarding the usability of the groundwater in the study area.  

1) The Timely Variations of the Amount of Nitrate Leaching 
The amount of nitrate leaching to the underlying groundwater was found not to be constant throughout the 

simulation periods. The major causes for these variations are the variations in temperature, water uptake capaci-
ty of the crop, amount of added and draining water, evapotranspiration losses and some other related factors 
(Figure 10). 

The factors affecting the rate of drainage also affect the amount of nitrate leaching. As it is shown in Figure 
10, nitrate leaching increases with the increase in drainage rate and it decreases with the decrease in drainage, 
for it actually occurs when nitrate leaves the soil with drainage water. Generally, nitrate leaching increases with 
the decrease in evapotrnspiration, decrease in plant water uptake, and increase in the amount of water added; 
while, the opposite causes a decrease in nitrate leaching loss (Figure 10).  

2) Predicted Profile Nitrate Concentration  
The 47 years leaching of nitrate from the root zone was modeled to investigate whether the nitrate concentra-

tion in drainage water could impact upon groundwater nitrate concentration or not. The predicted profile nitrate 
concentration (Figure 11) was calculated from the volume of drainage and the mass of nitrate leached at the fi-
nal simulation period.  

The soil type in the study area has the ability of storing water and nutrient for a long period of time before it 
joins the groundwater. Consequently, profile nitrate concentration will get high at the middle than the top part of 
the root zone, for the accumulation will get high over time. The profile nitrate concentration at the end of the 47 
years of simulation periods (Figure 11) is then showing an increase with depth up to the top 900 mm of the root 
zone, and then it starts decreasing afterwards. This is because of that part of the amount of nitrate stored within 
the root zone gets lost to the atmosphere due to denitrification and immobilized back to the organic forms of ni-
trogen. Finally, the amount of nitrate leaching decreases (Figure 11). However, the profile nitrate concentrations  
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Figure 10. Yearly water mass balances and NO3_N leaching from sugarcane farm. 

 

 
Figure 11. Profile NO3-N concentration (final, 47 years). 

 
are theoretical, presented to describe the variability of nitrate concentrations that may occur within the profile.  

3.1.2. Model Results from the Orchard Farm 
The second type of agricultural land use on the study area is orchard farming. Around 130 ha of land in the Me-
tahara sugar enterprise is covered by different orchard crops. According to FAO [35], the depth of the root zone 
of orchard crops ranges from 1 to 2 m. Hence, the depth of the root zone which was used in this simulation is 1.6 
m, similar to the one used for sugarcane crops. 

The cumulative amount of nitrate nitrogen leached from the orchard farm to the underlying aquifer can be 
calculated in the same manner as the leaching calculations for the sugarcane farm above. The amount of nitrate 
leached from the orchard farm in the 47 years of simulation period was found to be 127.8 kg/ha. Leaching val-
ues for the ammonium nitrogen and urea nitrogen were also found to be 1.0 kg/ha and 0 kg/ha, respectively. The 
47 years cumulative amount of water drained from the orchard farm was also found to be 4144.2 mm/m2. 
Therefore, we can calculate the nitrate nitrogen and nitrate ion concentrations of the water draining to the un-
derlying aquifer as follows. The first procedure to calculate the nitrate concentration in this case is also to make 
unit conversions. 
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Dividing the mass of the nutrient leached per m2 by the volume of water drained will give us the 3NO _N−  
concentration value. So,  

2

2

3

mg12780 mg mgm 3.08 3.08mm mm L4144
N

.2
m

O _N− = =  =   

The atomic weight of 3NO−  is 62 and that of N is 14. Therefore, from this, the 3NO−  concentration can be 
calculated as:  

mg mg3.08 62 14 13.64
L L

 ∗ = 
 

 

Moreover, the total nitrogen concentration of the water leaching to the underlying aquifer can also be calcu-
lated as follows: 

[ ] [ ] ( )2

2

3 4 2

2
N NO -N NH -N CO NH -N 3.

mg100mg mgm 0 3.10mmL L4144
m

08
.2

− +   = + + =   = . 

This calculation is showing that the 47 years nitrate leaching losses from both of the sugarcane and orchard 
farms are fairly low. However, because of the applied nitrogen fertilizer in orchard crops is lower than that of 
sugarcane; the nitrate leaching loss from the orchard crops is a bit smaller than that of sugarcane. Moreover, the 
nitrate uptake capacities of sugarcane and orchard crops are also different. Therefore, this can also be one of the 
reasons for the variations in nitrate leaching losses from these two different land uses. But, in a general case, the 
excess nitrogen fertilizer applied on the orchard and sugarcane farms usually becomes source of environmental 
pollution, including groundwater contamination.  

1) The Timely Variations of the Amount of Nitrate Leaching 
Figure 12 shows the yearly water mass balances and the variations in nitrate leaching from the orchard farm 

due to different factors. Similar to that of sugarcane, nitrate leaching from the orchard farming also varies with 
time. The factors that cause variations in the amount of nitrate leaching with time are also similar to what is dis-
cussed under section 3.1.1.1 above. Nitrate leaching varies mainly with the change in the rate of draining water. 

2) Predicted Profile Nitrate Concentration  
The trend of the profile nitrate concentration under the orchard farm is almost similar to that of sugarcane. 

Though, the values of the profile nitrate concentration at the same depth of the root zone under the sugarcane  
 

 
Figure 12. Yearly water mass balances and NO3_N leaching from orchard farm. 
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and orchard crops are different. This is because of the variations in the amount of nitrogen fertilizers added to 
the farms and the nutrient uptake capacity differences of the crops.  

Generally, the profile nitrate concentration (Figure 13) is showing an increase with depth up to around 900 
mm of the depth of the root zone, and then it starts decreasing. This is because of that nitrate gets accumulated at 
some depth within the root zone, for the soil type is poorly drained. Then it starts being denitrified to gaseous 
forms and immobilized back to the organic forms of nitrogen, for the amount of water added to the farm is fairly 
high. Part of the accumulated nitrate also goes to crop uptake. Finally, the profile nitrate concentration gets de-
creased. Consequently, the amount of nitrate leaching gets decreased. 

3.1.3. Cumulative NO3_N Leaching Loss Variations Based on Land Uses 
The differences in land use causes variations on the amount of nitrate leaching. The amount of nitrogen added, 
either from organic or inorganic forms, to different land uses may probably be different. Moreover, the nutrient 
uptake capacity of different crops is different. Therefore, the amount of nitrate leaching may also vary accor-
dingly. 

The types of land uses taken into consideration, in this study, were the sugarcane and orchard farms. The cu-
mulative simulation results from these two land uses were taken at the 10th, 20th, 30th, 40th and 47th years of si-
mulation periods (Table 4).  

Using the LEACHN model outputs (Table 4) as an input to ArcGIS 10.1, maps (Figures 14-18) were devel-
oped to visually display the timely variations in cumulative NO3_N leaching losses based on the variations in  
 

 
Figure 13. Profile nitrate concentration (Orchard). 

 
Table 4. Cumulative NO3_N leaching losses of different land uses at differ-
ent simulation periods. 

Simulation period 
Land uses 

Cum.NO3_N leach. (kg/ha)  
from the sugarcane farm 

Cum.NO3_N leach. (kg/ha)  
from the orchard farm 

0 0 0 

10 39.0 27.4 

20 81.8 57.2 

30 117.1 83.8 

40 149.4 105.2 

47 178.8 127.8 
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Figure 14. NO3_N leaching loss (kg/ha), 10 years after the beginning of the simulation period. 
 

 
Figure 15. NO3_N leaching loss (kg/ha), 20 years after the beginning of the simulation period. 
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Figure 16. NO3_N leaching loss (kg/ha), 30 years after the beginning of the simulation period. 
 

 
Figure 17. NO3_N leaching loss (kg/ha), 40 years after the beginning of the simulation period. 
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Figure 18. NO3_N leaching loss (kg/ha), 47 years after the beginning of the simulation period. 

 
land uses. In this case, land uses apart from those listed in (Table 4) were given a zero value of nitrate nitrogen 
leaching losses, for the major concerns were given to the agricultural land uses. 

3.2. Factors Influencing the Amount of Nitrate Leaching Losses 
As shown in the simulation results, the low nutrient uptake capacity of sugarcane is leaving more than 60% of 
the nutrient applied vulnerable to loss (either to leaching or gaseous losses). Furthermore, the nutrient uptake 
capacity of most orchard crops is as low as 20% of applied nitrogen fertilizer [36]. Therefore, just like sugarcane 
crops, orchard farming has also high contributions to the environmental pollutions including groundwater con-
tamination owing to nitrate leaching. 

However, the 47 years simulated nitrate leaching losses from both sugarcane and orchard farming and the ac-
tual groundwater nitrate concentration were found to be by far less than the maximum contaminant level stan-
dards. This implies that there are different factors affecting the amount of nitrate leaching loss from the farm. 
Information about the factors affecting the amount of water draining through and below the root zone is, there-
fore, very essential to know the amount of nitrate leaching to the underlying groundwater, for the factors affect-
ing the amount of water draining into the underlying aquifer can also affect the amount of nitrate leaching with 
[37]. Some of the factors affecting the amount of water draining and nitrate leaching through the root zone are 
soil texture, amount of water added, crop types and amount and timing of rainfall. Additionally, the amount of 
nitrate leaching to the underlying aquifer can also be affected by the amount and type of fertilizer added. 

3.2.1. Soil Texture 
Soil texture affects the soil-water retention capacity. Consequently, the amount of nitrate leaching loss can also 
be affected. The soil texture in the study area is dominated by clay [24]. Clay (poorly drained) soil types have 
low hydraulic conductivity value. So, poorly drained soils can reduce the risks of groundwater contamination, 
even in areas with high nitrogen inputs. For example, the main reason why the groundwater in Southern Indiana 
has a median nitrate concentration of <0.05 mg/L, while the N fertilizer application is high, is because of that the 
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soil type in the area is poorly drained soil [18]. Similarly, the poorly drained soil type in the Metahara sugarcane 
farm is influencing the amount of nitrate leaching losses. The soil type on the farm below 0.6 m from the ground 
surface is dominated by mottled clay with a low hydraulic conductivity. This situation can affect the draining 
water and the amount of nitrate leaching with to be stored in the root zone. As a result, it increases denitrifica-
tion and immobilization processes and decreases the amount of nitrate leaching from the farm. 

3.2.2. Type of Fertilizer  
The type of fertilizer used in the study area is Ammonium Sulfate Nitrate (ASN). It has high sulfur content in a 
sulfate form, which is the most available form for plants [25]. Its chemical formula is H12N4O7S. It is the product 
of Ammonium Sulfate ((NH4)2SO4), a particularly useful in highly alkaline soils and Ammonium Nitrate 
(NH4NO3), a fertilizer recommended for soils that have low levels of nitrate. 

Nitrogen in ASN fertilizer appears in two forms. i.e., in the form of NO3_N, which acts quickly and not ab-
sorbed in the soil, and in the form of NH4_N, which acts slowly and can be easily bind with soil particles in the 
process of physical and chemical sorption.  

ASN fertilizer contains 26% nitrogen, from which 19% N appears as ammonium nitrogen and 7% N in nitrate  

forms [25]. This fact implies that 19 100 73%
26

 ∗ = 
 

 of the nitrogen from the applied fertilizer appears as 

NH4_N and the remaining 7 100 27%
26

 ∗ = 
 

 in nitrate form. In this regard, 76 kgN/ha for sugarcane plant, 95  

kgN/ha for the first and second ratoon crops and 114 kgN/ha for the third ratoon crops are applied in ammonium 
nitrogen form; while, the remaining 28 kgN/ha for sugarcane plant, 35 kgN/ha for the first and second ratoon 
crops and 42 kgN/ha for the third ratoon crops are applied in nitrate forms. Because of that ASN contains high 
ammonium nitrogen, it guarantees long-term and sustainable nitrogen supply, which is particularly important for 
crops with long vegetation season (e.g. maize and sugarcane), and prevents nitrogen from being leached. As a 
result, the amount of nitrate leaching from the study area in the 47 years simulation period was found to be be-
low the MCL standards and even fairly low.  

3.2.3. Amount of Water Added (Rainfall and/or Irrigation) 
The amount of water that has been added to the profile is high. However, because of the low hydraulic conduc-
tivity value of the clay soil, it tends to be stored within the soil profile for a long period of time, until it joins the 
groundwater slowly. Thus, it keeps the soil moisture content fairly high. This can affect the nutrients within the 
profile to be immobilized back to the organic form of nitrogen and denitrified into gaseous forms of nitrogen in-
stead of leaching down to the underlying aquifer. And that is why we see from the simulation results that high 
amount of nutrient is being changed into gaseous forms of N and immobilized back to the organic forms of Ni-
trogen (Figure 19). 

3.3. Suggested Groundwater Protection Practices 
Groundwater is an important source of water supply for major cities, industries and rural towns in different parts 
of the world. The existence of many isolated communities and rural properties rely on the availability of good 
quality groundwater. However, even though it enhances agricultural productivity, increased chemical fertilizer 
use is imposing significant health and environmental risks, owing to groundwater nitrate contamination. Thus, 
although reduction of anthropogenic loading of nitrate to groundwater aquifers will not reduce contamination in 
the short term, due to long travel times, reduction efforts are very critical components of any long term solution 
to the problem of high nitrate concentration in groundwater.  

In fact, the current groundwater nitrate concentration in the study area is still safe, but protecting the underly-
ing aquifer today will contribute for the future groundwater quality. It saves the future lives and water treatment 
capitals.  

Unlike the natural sources of groundwater nitrate, nitrogen from inorganic fertilizer applications and animal 
wastes can be managed through the choice of appropriate agricultural practices [38] [39]. Therefore, using the 
following agricultural and other practices will decrease or at least maintain the current groundwater nitrate con-
centration in the study area.  
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Figure 19. The contributions of the different forms of nitrogen to the environmental pollution. NB: The values in Figure 19 
were taken from the simulation for the sugarcane farm. 

3.3.1. Balanced Nitrogen Fertilizer Application 
Balancing the application of nitrogen fertilizer with the amount and time of crop demand prevents losses from 
leaching, volatilization, denitrification and some other losses. These losses are not only health and environmen-
tal concerns, but also direct financial loss to the producer. Improving fertilizer application and management con-
tributes to a sustainable and ecologically sound agriculture, and an effective use of resources and capital. The 
nitrogen application rate in the study area seems to be more than the crop demand. Thus, a balanced nitrogen 
fertilizer application is one of the main strategies to reduce the load of nitrate to the underlying aquifer in the 
study area so as to decrease or at least maintain the groundwater nitrate concentration. 

3.3.2. Crop Rotation and Intercropping 
Unlike sugarcane, crops such as corn, winter wheat and sorghum require high nitrogen inputs. It is possible to 
reduce nitrogen use in a farming system by rotating these crops with those requiring less nitrogen, such as le-
gumes, which may even require no added nitrogen [19] [40]. This process may result in less nitrogen accumula-
tion in the soil profile and less nitrate leaching. Similarly, rotating sugarcane with high nitrogen demanding 
crops can reduce the amount of nitrate leaching from sugarcane farms. However, this practice may not be feasi-
ble when ratoon crops are used for sugarcane production in the next round/s. Therefore, the other possibility, in 
this case, is double cropping or intercropping process [41]. Sugarcane crops can be intercropped with crops 
having high nitrogen uptake capacities. Thus, this process will obviously decrease the amount of nitrate leaching 
loss. 

3.3.3. Organic Farming 
In this case, organic farming refers to the use of organic forms of nitrogen fertilizers for agricultural production. 
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Organic forms of nitrogen are valuable sources of cheap nutrients that can substitute chemical fertilizers. In most 
cases, the release of nitrate from the organic sources is slow, which reduces the possibility of nitrate build-up in 
the soil profile. With proper management, the return of organic materials to soil tends to increase the soil organ-
ic matter, microbial biomass, level of biological activity, and to keep more of the nitrogen in the organic form, 
which does not leach and is released more slowly to the crop. For example, [42] showed that burning or removal 
of wheat or sorghum residues decreased the soil organic carbon and increased leaching of nitrate.  

Farmers can control the rate of nitrogen release and the potential leaching loss by using crop residues, ma-
nures and other organic materials as a source of nitrogen [42]. The systems used by the organic farmers in the 
United States are the best examples showing the advantages of using organic forms of nitrogen for agricultural 
production [43] [44]. 

Therefore, even though the type of N fertilizer used in Metahara sugarcane farm is ASN, a fertilizer with 
around 73% of N in an ammonium form, the use of organic forms of N will keep the underlying aquifer safe 
from nitrate contamination. Crop residues, filter cakes and still effluents could be helpful sources of organic nu-
trients in Metahara sugarcane farm. 

3.3.4. Using Sprinkler and/or Drip Irrigation Systems 
The type of irrigation system being used in the study area is surface irrigation system (i.e., furrow irrigation for 
sugarcane crops and basin irrigation system for orchard plants). Surface irrigation systems are expected to be 
sources of groundwater nitrate contamination, especially if practiced on highly permeable soils. In fact, the soil 
type in the study area is poorly drained. However, using surface irrigation system would lead to runoff losses, 
water logging problems and low productivity due to wilting of crops owing to lack of soil aeration. The runoff 
losses may contaminate the downstream surface water bodies and groundwater, when a losing surface water 
body, in a hydrogeologically connected scenario, discharges to the underlying aquifers. Moreover, even though 
it will take a long time for the drainage water to join the underlying groundwater in the study area, for the soil 
types are poorly drained, nitrate leaching is high in surface irrigation systems than the pressurized irrigation 
systems (e.g., sprinkler and drip irrigation systems).Therefore, using sprinkler and/or drip irrigation systems 
would help in decreasing water losses, water logging and nitrate leaching problems in the study area. The pres-
surized irrigation systems are known to keep nitrate in the root zone, rather than have it leach downward to the 
underlying aquifer and flow laterally or overflow due to runoff to the downstream surface water bodies. 

4. Conclusions 
The differences in land use, soil type and the amount of water and fertilizer added to the farmland make a dif-
ference on the amount of nitrate leaching to the underlying aquifer. A variation in nitrate leaching loss is found 
based on the variations in land use and crop types, for there is a difference in the nutrient uptake capacities of 
the crops. 

In general, modeling of nitrate leaching loss under the given soil types and land use scenarios has produced 
results that are considered to be realistic for the study area. Taking the soil type, moisture content, land use, type 
of fertilizer used and some other factors into consideration, the amount of nitrate leaching found from the simu-
lation can be considered as real/representative for the study area. 

However, even though the simulation results show that the current drainage water and groundwater nitrate 
concentration are low, potential anthropogenic nitrogen sources in the study area must be carefully managed to 
minimize nitrate that leaches into the groundwater and ensures future groundwater quality. Furthermore, even 
though the likelihood of detecting contamination in the study area is low, for the soil type is poorly drained. It is 
better to be safe than remorseful. 
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