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Abstract 

Dwindling water resources of Pakistan demands proper water management of available resources 

to meet crop water requirements of 20mha agricultural land. This could only be attained, if we 

have sufficient data on incoming and outgoing fluxes of water budget. Rainfall being the most 

important parameter has to be measured continuously at both spatial and temporal scales. 

However, due to lack of available resources (rain gauge stations), it is difficult to get it 

measurement at continuous space and time domain. While satellite rainfall estimates are at very 

coarse resolution resulting in over or under estimation. For the purpose, an innovative 

methodology was proposed to measure rainfall using available telecommunication towers of 

cellular companies operating in the country. An algorithm was established to calculate rainfall at 

high spatio-temporal scale using commercial cellular network covering 250 km2 area of district 

Faisalabad, Pakistan. The microwave links were used to quantify rainfall intensities and estimate 

rainfall at high spatio-temporal resolution. The attenuation in electromagnetic signals due to 

varying rainfall intensities measured by taking difference between the power transmitted and 

power received during rainy period and measure of the path-averaged rainfall intensity. This 

distortion in the signal was converted into rainfall intensity at a temporal resolution of 15 

minutes. Signal data-set of year 2012(Jan-Oct) was used for sensitivity analysis of input parameters 

and model calibration. The model validation was verified using two independent signal data sets 

of year (2012(Nov) – 2014) and (2015-2017). Three rain gauges (reference) available within the 

study area were used for analysis. Daily cumulative rainfall depth obtained from rain gauges 

installed at University of Agriculture, Faisalabad (UAF-RG), Ayub Agriculture Research 

Institute (AR-RG) and Water and Sanitation Agency (WASA-RG) were compared with the 

rainfall estimated at three cellular links close to these gauges. The co-efficient of determination 

(R2) was estimated at 0.97. UAF-RG was used as reference to study the spatial variability of 

rainfall of all the selected links within the study area and observed 10%-60% average spatial 

variation of all links with the reference UAF-RG. The data obtained from this pilot study was 

used to do real time irrigation scheduling for high value crops grown using drip (SI and SSI) 

irrigation system. Efficiency of SSDI   system for optimal depth and irrigation level was 

evaluated for onion (Allium cepa .L,)and peas(Pisum sativum L.). The presented goal was 

performed on onion crop sown on raised beds and irrigated through surface and subsurface drip 

irrigation for two years (i.e. 2015-2016 and 2016-2017).  Three irrigation stages i.e (100%, 80% 



 
 

xix 

and 60%, (CWR) were provided with the drip laterals buried at 0, 6, 12, 18 and 24 cm with three 

replications for each treatment. Dripper discharge of 4 l/s with operating pressure of 1 bar was 

maintained for each irrigation. A significant effect of lateral depth was observed with highest 

yield of 13.99 t/ha was calculated at 12 cm depth, while low yield of 9.02 t/ha was observed with 

lateral depth of 24 cm. It can be concluded that low depth crops like onion can be grown with 

maximum irrigation water use efficiency of 0.57 t ha-1 cm-1 using sub surface drip irrigation 

(SSD1) buried at shallow depth of 12 cm. Similarly, greater irrigation water use efficiency was 

estimated for 60% irrigation level with 0.46 t ha-1 cm-1. A parallel experiment was also 

conducted on peas two consecutive years 2015-2016 and 2016-2017 at Water Management 

Research Centre, University of Agriculture Faisalabad, Pakistan. Three treatments (T1, T2, T0) 

refers to three irrigation methods i.e.  0 cm (surface drip), 12 cm (sub surface drip) and ridge-

furrow irrigation with Three irrigation stages i.e (100%, 80% and 60%, (CWR) was studied. A 

substantial effect of lateral depth was observed with yield of 2.72 t/ha was calculated at 12 cm 

depth, while low yield 1.55 (t/ha) was observed under ridge-furrow technique. Similarly, higher 

(IWUE) was estimated under 60% irrigation level with 0.16 t ha-1 cm-1. It is suggested that drip 

laterals placed at shallow depths should be adopted to achieve high crop yield especially for 

vegetables. Moreover, the microwave signal can be used to calculate rainfall at high spatio-temp 

resolution that can potentially be used in agricultural water management, flood monitoring and 

other related studies. 
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CHAPTER -1 

INTRODUCTION 

1.1 Signal based rainfall for effective agricultural water management 

 

Rainfall is considered as an important input parameter for hydrology and water balance studies.  

The management of water resources requires high temporal and spatial information of rainfall. 

Any small error in rainfall estimate can produce significant error in other water balance 

components like runoff, leaching, capillary up flow from shallow groundwater. Real time 

measurement of rainfall is required to manage irrigation agricultural crops, surface and 

groundwater usage (Yilmaz et al., 2005; Berndtsson and Niemczynowicz 1988).  

 

Conventionally, rainfall is measured by a network of 97 rain gauge stations (RGS) managed by 

Pakistan Meteorological Department (PMD) at daily time step (www.pmd.gov.pk). However, 

their spatial locations are within the cities that are not sufficient to capture high spatial variability 

of rainfall (Cheema and Bastiaanssen, 2012). The spatial mapping of these point measurements 

is being carried out using geo-statistical techniques that may have sources of errors (Cheema and 

Bastiaanssen, 2012).  

 

Alternatively, spatial rainfall estimation is being made using satellite information from satellites 

like TRMM, GPM etc. these datasets have shown success in providing spatially consistent 

rainfall estimates but indirect method of rainfall estimation can result in erroneous estimates thus 

need local calibration (Cheema and Bastiaanssen, 2012). Moreover, the scales (spatial 0.1 – 0.25 

and temporal 30 minutes-180 minutes for GPM and TRMM, respectively) may results in missing 

of some rainfall events as well as spatial averaging (Hou et al., 2014; Rios Gaona et al., 2016). 

The rainfall estimated from radar normally deteriorates for longer ranges and in country like 

Pakistan; only three radars are working at scattered locations. 

 

In this study, an algorithm has been tested to quantify rainfall at individual telecommunication 

towers (TCT) installed by the mobile communication companies using signal attenuation of 

microwave signals caused due to rainfall. The hypothesis is that the signal distorts, while 

transmitting from one TCT to other due to rainfall. This attenuation in the signal is effected by 
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rainfall intensity and duration. The increase in the intensity of rainfall results in increase in the 

signal attenuation and subsequently reduces the receive data signal at the other end of data link. 

Thus TCT can be used as an alternative of RGS at high spatial as well as temporal resolution 

(real time in this case) as intensity of telecommunication towers is greater than the RGS. 

The research is progress by various researchers to use telecommunication (telecom) link signal’s 

attenuation to estimate rain rate at high spatio-temporal resolution using power relationship 

(e.g.Overeem et al., 2011; Brauer et al., 2011; Rayitsfied et al., 2011;  Chwala et al., 2012;  

Fenicia et al., 2012; Schleiss et al., 2013; Gona et al., 2015; Overeem et al., 2016; van het Schip 

et al., 2017).However, using telecom link network as an alternative of RGS network is a new 

way of using existing infrastructure to estimate real time rainfall at high spatial resolution in 

developing countries that cannot afford to install and maintain dense RGS network. Therefore, 

the main focus of the study is to quantify the rainfall due to the signal attenuation and promote 

the use of microwave links for rainfall estimation in Pakistan. This signal based approach can be 

helpful to calculate rainfall at a high spatio-temporal resolution that can be used for flood 

prediction, drought management, crop productivity, delineating rainwater and flood water 

harvesting potential sites etc. Similarly, massive deployment of these microwave link provides a 

complementary network to measure rainfall, especially in countries where rain gauges are scarce 

or poorly maintained, and where ground-based weather radars are not (yet) deployed 

(Doumounia et al., 2014). In this study signal based rainfall is use for effective agriculture water 

management to perform real time irrigation scheduling for different vegetable crops under 

different irrigation methods.  

1.2 High efficiency irrigation system (HEIS) 

Effective available water resources management is essential for country like Pakistan having 

207.77 million population with total available water resources of 149MAF (FAO, 2007).  It was 

reported that per captia water availability was 5950m3 in 1950, which was reduced to 

1100m3in2005 and will further decline up to 659m3 at the end of 2050 (Kahlown, 2003). It 

includes 20.2% of our gross domestic product and 44.4 % of export (Anonymous, 2010). With 

the increase in population, food security situation is alarming in the country under climate 

change condition. This food demand can be fulfilling by replacing the old conventional irrigation 

methods (Flood, Basin and Border) with latest irrigation method, which increase crop  yield and 
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improve IWUE. In this regard, SD & SSD plays an important role to boost up water use 

efficiency and ultimately increase the agriculture production in Pakistan. 

Drip system was in practiced for the first time in USA agriculture system in 1960s and regular 

research was conducted in 1980s. In Pakistan drip irrigation is a new ways to irrigate with WUE 

efficiency ( 90%). This system provides water in the required amount to the crop root zone, 

while maintaining the dry soil surface. It has also been reported that this system is best suited in 

sandy and sandy loam soils (Bartolo2005), as it minimizes weeds growth, improves water use 

efficiency and reduces runoff and contamination of runoff and ground water into surface water 

bodies (Longo Dominic and Thomos Speasrs 2003). This system also has an advantage of 

protection against damage and pilferage during intercultural operations and by animals. Surface 

and subsurface drip irrigation system is potentially suitable for arid to semi-arid regions of world 

like Pakistan because it applies water directly to crop root zone and reduces evaporation losses. 

Conducting experiment on row crops for 15 years in California by the USDA-ARS save water 

(Ayers et al.1999). It was also concluded that when different crops were cultivated under SDI 

and SSDI,  yield for subsurface drip was greater than that under the SSDI (Strange Michelle 

2005; Singh et al. 2006). This is possible because of minimum evaporation losses in case of 

subsurface drip irrigation (Camp 1998;Phene et al.,1992). 

It is difficult to understand soil water distribution in subsurface drip irrigation due to unsaturated 

soil hydraulic properties, which result in low water use efficiency (Ruskin 2000; Ben-Gal et 

al.,2004). The wetted soil area around subsurface drip irrigation mainly depends on water 

application rate and soil hydraulic properties. Drip irrigation system is only successful irrigation 

method, if wetted soil pattern match the crop root zone requirement with proper selection of 

design parameters, which includes dripper discharge, number of drippers,  irrigation interval and 

operating pressure (Camp and Lamm2003; DeTar2004). The water uptake by the plant roots 

causes drying and increases soil water tension. It is suggested that dipper discharge should be 

selected insuch way that it will match with rate of water uptake by a plant (Clothier and Green, 

1997; Lazarovitch,2001). Evett et al., (1995) concluded that yield for SSDI was higher than the 

SD due to less evaporation losses and further reported that water saved in subsurface drip 

irrigation was 5.1cm and 8.1cm by placing lateral at 15 and 30 cm below surface, respectively. 

Evaporation losses were less for well-watered crop with dry soil as compared to that with wet 
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soil surface due to surface drip irrigation (Burtet al., (1997).Feasibility of subsurface drip 

irrigation for more than 30 crops having different depths of drip lateral from 2 to 70cm was 

studied by Camp et al., (2000).  Research has been conducted on various  vegetable crops under  

subsurface drip irrigation  include beans, carrot, onion, tomato, peas, sweet corn, potato, 

cabbage, water melons, broccoli and lettuce Lamm and Trooien (2003) and Enciso et al., (2005). 

But the placement and suitable of SDI is highly variable for different crop and that need to be 

investigated.  Keeping the above discussion, research was conducted on two vegetable crops i.e. 

onion and peas under drip irrigation system. 

Onions (Allium cepa L.,) belong to Amaryllidaceae family and is an important vegetable crop in 

Pakistan, which is used in almost all food items. The total production of onion is 57.91 million 

tons at world level, harvested from total area of 3.18 million ha. Production of onion is 

maximum in China which is 24.76 million tons and in Pakistan it is 1.94 million tons, which is 

very low due to use of old traditional method (FAOSTAT,2011). Onion is vegetable crop which 

can be grown under different atmospheric conditions. There are different varieties of onion sown 

all over the world of different color which include red, yellow and white. White and red varieties 

are mostly sown in Pakistan. Onion requires well drained soil, having pH range of 6.5-8.0. The 

nursery of onion seeds are sown in the months of October to November and amount of seeds 

required per ha is 7-10 kg. The amount of fertilizer requires for onion varies according to the soil 

and climatic conditions. It responds well, if fertilizer is applied after transplanting of 40-60 days 

(Mohanty and Das 2001). 

 

Similarly, Peas (Pisum sativum L.) is an important grain and it belongs to the leguminoseae 

family. It requires ample moisture that’s why it grows in winter season.  It is an important human 

food, which is used as a vegetable or used to prepare a soup. According to the nutritional point of 

view, it is rich in protein (27.8 %), vitamins, and minerals, dietary and complex carbohydrate 

(42.65%) (Urbano et al., 2003). It is categorized as fourth major legume crop on the basis of 

production (442.53 thousand tons) among French beans, groundnut and soybean. In the world, 

Peas crop is harvested on area of 529.71 thousand ha (FAO, 2009).  

There is no specific study is conducted so far in Pakistan to study the optimum depths of drip 

lateral under local climatic condition in Pakistan. Therefore, study was conducted to acquire 
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better understanding of yield and irrigation water use efficiency in different depths of drip 

laterals under different irrigation levels.  

1.3 Problem statement 

 

As it is a famous slogan that agriculture is the backbone of Pakistan and water is the essential 

requirement for high crop production. Thus, both play an important role in the country’s 

economy. Agriculture sector fulfill the fiber and food requirement of the increasing population, 

where the land is copious and water resources become decreasing day by day. It is an important 

fact that with the increase in world population, demand of fiber, food and housing is growing. 

Fiber and food production dependent on the water and land resources (www.sappak.org/). 

It is an important fact that population of Pakistan increasing rapidly during the last decades, 

according to the survey there is net increase of 3.5 million population every year. At the time of 

independence 1947, total population was 32.5 million and if we compare this figure with the 

present rate, it has increased fourfold in the last 50s years (Ahmad and Umer, 2010). , there is the 

need to adopt comprehensive and modern techniques to increase the crop yield and improve 

IWUE. According to the survey, Pakistan is considered as the most urbanized country among 

other countries of South Asia, where more than 36% people moved to urban areas (Government 

of Pakistan, 2010). 

Different studies was conducted in different parts of the country, confirmed that the more water 

is required than the water supplied. Pakistan mainly lies in arid, to semi-arid zone of the earth, 

where the requirement of water is mainly fulfill using artificial irrigation system. Due to this 

water scarcity situation, its create a competition among the three sectors i.e. agricultural, 

domestic and industrial (Bastiaassen et al., 2005).    

Due to increasing water requirement for food production, has increased the over-exploitation of 

the ground water. This over-exploitation of ground water through tube wells is being practice by 

every farming community of the country without knowing the harmful effects of this rapid 

pumping rate i.e. fresh saline water intrusion, which will lead to the instability in the agricultural 

system. To handle this problem, several studies have been conducted on over-exploitation issue 

in the world, especially in Pakistan. Due to insufficient surface water availability, the use of 

http://www.sappak.org/
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ground water has been in practice in the near past and is being over-exploited in the country. In 

Punjab Pakistan, due to less canal water availability has lead to increase in  tub wells, ultimately 

forcing bad quality of underground water (Smets et al., 1997). Due to this over-exploitation of 

poor ground water quality creates salinity situation in the country (Chaudhary et al., 1978). It 

was studied that more than 30%  water at the farms is pumped for ground water with bad quality 

water (NESPAK, 1991). WAPDA (2002) calculated that total 48 million Arce feet of ground 

water is pushed each year to compensate the water shortage. Overall situation in the Indus basin 

irrigation system, which is the largest irrigation system in the world, revealed that study should 

be conducted to establishe guidelines which help to use ground water to increase crop yield 

without salinity buildup.  Since 1988, several such studied have been conducted by international 

Water Management Institute (IWM1, 1996).  

The Indus basin irrigation system is the largest irrigation system in the world that provides water 

to the farmer field that account for more than 90% of fiber and food production (Blood, 1994). In 

this above mentioned reasons, the only solution that the professional recommended is to enhance 

the IWUE to cope with  shortage of water. The traditional irrigation method mostly depends on 

gravity to supply water with in the farmers’ field, which results in considerable loss of water 

with low distribution uniformity due to uneven field. In this situation, modern techniques like 

surface, subsurface and sprinkle irrigation method are the only solution to improve the irrigation 

water use efficiency (Kibaroglu.  2004). It is the responsibility of the irrigation and agriculture 

experts to work hard to find best water and land conservation techniques and its framework for 

proper implementation. According to the survey that at the end of this century,  about  fifty 

percentage  of wets lands of  planet are gone (Bos and Bergkamp, 2001). As we all know, that 

the availability of surface water are declining day by day, we should use this source precisely by 

proper adoption of water and land conservation practices (Owies et al., 1998; Hatfield et 

al.,2011; Wichelns, 2002). Farming community to pump the ground water due to less water 

avaiable (Rhoades,1992; Shakhevet, 1994). 

 

In this research the main focus is to promote rainfall estimation using signal based approach but 

due to some data access issues, estimation of evaporation for the same microwave link is not a 

part of this study. The pilot   directed to test depths of drip lateral with three irrigation levels on 
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irrigation water use efficiency and vegetable crops which include onion and peas. The 

experiment was conducted during two growing years 2015-2016 and 2016-2017 respectively. 

Real time irrigation scheduling was performed using rainfall estimated using microwave signal 

from cellular communication networks using RAINLINK developed in R code. Signal-data of 35 

designated links in Faisalabad was achieved from international telecommunication Network 

Company Telenor, working in Pakistan. To calibrate and validate signal based rainfall estimated 

from  RAINLINK package, rain gauges data obtained from three different rain gauge stations 

namely UAF-RG, WASA-RG and AR-RG, operated by University of Agriculture Faisalabad, 

Ayub Agriculture research and Water and Sanitation Authority Faisalabad respectively were 

used. After validation of signal based rainfall, it was used as an input parameter to calculate the 

irrigation water requirement for different crop and to study the spatial variability of rainfall 

within the study area using statistical analysis and interpolation technique in ArcMap10.2.1. For 

calculation of reference evapotranspiration, a panel which consists of some weather sensors was 

installed on the cellular tower to consider cellular tower as a weather tower and signal based 

rainfall was estimated from the same cellular tower.  
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1.5 Objectives of the research study 

 

1. To estimate rainfall from microwave signal data of cellular communication networks 

2.  To calibrate and validate the microwave signal based rainfall with rain gauge and 

developing spatio-temporal rainfall maps of study area 

3. To develop real time irrigation scheduling framework to optimize soil and water 

productivity   
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CHAPTER-2 

REVIEW OF LITERATURE 

 

As the planned research, focus of the presented study was to estimate rainfall by using 

microwave signals from cellular communication networks (RAINLINK), verification of signal 

based rain data with observed rain gauge points (RGS), develop spatial-temporal rainfall maps of 

study area using interpolation techniques in ArcMap10.2.1 to scrutinize the spatio-temporal 

variability of rainfall within the study area and performed real time irrigation scheduling under 

different irrigation methods. A number of researchers have been estimated rainfall using 

microwave signals from cellular communication networks and make comparison with weather 

radar and rain gauges. All these researchers recommended this high resolution signal based 

rainfall as an input parameter for different hydrological and agricultural water management 

studies. In this research, main focus was to use this signal based rainfall as input parameter to 

study spatial variability of rainfall within study area and calculate irrigation water requirement 

(IWR) for vegetable crops include onion and peas. In this chapter, significant reviews of the 

related research work are presented for better understanding and guidance.  

 

2.1 Rainfall estimation using microwave signals of cellular communication networks and 

interpolation techniques 

 

Upton et al. (2004) evaluated that the microwave cellular networks is new and promising 

technique for rainfall estimation particularly for urban areas. The signal shows fluctuation due to 

power loss and this power loss can be converted into rainfall intensities. This paper discussed the 

important parameters which should be required for accurate rainfall estimation. This study 

presented results by using signal frequency along with dual frequency link.  

 

Messer et,. al. (2006) determined that environment is the key factor accountable for all  changes 

on the earth, this factor should be monitor on high spatio-temporal resolution for accurate rainfall 

estimation and predication, flood monitoring and forecasting, climate change adoption and 

sustainable groundwater management etc. The use of microwave signals from readily existing 
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telecommunication network can be use for the environmental studies. The advantage of this 

system is that there is no need of any extra instrumentation cost required. The main idea is that 

the atmospheric condition like rainfall attenuates the radio link and the loss of power is 

converted into rainfall intensity.   

 

Leijnse et al. (2007a) investigated the ability of microwave signals, which is employed in 

different telecommunication-network companies to approximation the average rain intensity. The 

study was conducted in Netherlands for the month of Oct-Nov 2003. Two links having frequency 

38-GHz were used with total eight rainfall events. Statistical analysis between signal based 

rainfall and rain gauge stations rainfall shows that microwave link is good addition to the 

existing methods of rainfall estimation but there is further need to investigate uncertainties due to 

wet antenna, dew formation, reflection, refraction etc. 

 

Lejnse et al. (2007b) proposed that measurement of evaporation over a certain area can be 

possible by using microwave links of telecommunication networks and this ET measurement can 

be used to study different type of climatic conditions. This type of method for evaporation 

estimation from radio waves called scinitillometry- energy budget method (RWS-EBM) and is 

most suitable for wet to dry type of climate. It is also used to measure the wind velocity and the 

total energy available because this method is very sensitive to these types of variables. The 

experiment was conducted in the field of Flevoland city, two types of data sources (27-GHz 

radio wave scintillometer and four eddy covariance) were used to compare with RWS-EBM 

method. Evaporation for 92 day time having 30 min temporal resolution was measured by using 

RWS-EBM method and compared this measured evaporation with standard methods. It was 

concluded that the coefficient of determination was 0.85 on both the cases under wet 

climaticconditions showing good results. 

 

Leijnse et al. (2007) investigated the ability to measure the path averaged rainfall using 27-GHz 

frequency of microwave links from cellular networks. Statistical analysis shows that the 

fluctuation of signal operating at 27 GHz frequency shows linear relationship with the intensity 

of rainfall and this relationship does not depend on the drop size distribution and temperature of 

the operating system, so the biasness due to these type of variables do not play major role signal 
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based rainfall. The experiment was conducted using microwave link having path length 4.89 km 

and 27 GHz operating frequency and signal based estimated path averaged rainfall was 

compared with the tipping bucket rain gauge rainfall. It was concluded that fluctuation due to 

wet antennas play important role in the rainfall estimation but when two-parameter wet antenna 

function was used then the statistical analysis shows that this technique is best suited for rainfall 

estimation. 

Hart et al. (2007) discussed the system working in California for effective management of 

irrigation water for agriculture. Irrigation losses can be reducing by effective water management 

practices. There is a system called California Irrigation Management Information System 

(CIMIS) adopted in California, which help farmers and irrigation experts to performed exact 

irrigation scheduling. Under this system 130 automatic weather station are installed all over 

California at different agricultural sites and record climatic data, which include max and min 

temperature, humidity, sunshine hours and wind speed hourly basis.  

 

Berne et al.  (2007) studied that path average rainfall can be calculated by using signal based 

approach. The relationship between specific distortion due to rainfall rate and path length was 

studied. Microwave link data having operating frequencies ranges between 5-50 GHz and path 

length varies between 0.5 -30 km were used and investigated how rainfall estimated by varying 

frequencies and path length. A stochastic simulation was used and different type of error 

associated with rainfall rate was studied.  

 

 

Schuurmans et al. (2007) discussed that rainfall is important input parameter for hydrological 

modelling. The study was conducted in Netherlands by using data from 330 rain gauges 

networks and 74 different rainfall events were selected (March- Oct 2004). The rainfall results 

were compared at three different spatial resolutions, i.e. 225 km2, 10000 km2, 82875km2. 

Rainfall predication was performed at all the above mentioned spatial resolution and different 

geo statistical models were used included: (1) Ordinary Kriging (OK), (2) Kriging with drift and 

(KED) (3) ordinary collocated cokriging (OCCK).  It was concluded that for small spatial 
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resolution, rain gauges networks perform better than weather radar, whereas for large spatial 

resolution radar gives good results.  

Zinevich et al. (2008). The study was conducted by using 23 microwave links and estimated 

rainfall due to signal attenuation at temporal resolution of 1 min. The precision of this method 

for rainfall estimation from cellular links was compared against five standard rain gauges data. It 

was observed that the correlation was 0.85 at 1 min temporal resolution and RMSE was 4.2 

mmh-1. This new dynamic approach for rainfall estimation can be used for large scale dynamic 

rainfall assimilation methods, and in those areas where rain gauge data is limited.  

 

Leijnse et al. (2008) discussed the problems associated with specific attenuation in microwave 

links because of wet antennas, temporal and spatial resolution, relationship between specific 

attenuation and rainfall intensity. The experiment was conducted using 1.5 years high resolution 

data from X-band weather station radar. Signal data at different frequencies and wavelength was 

used to estimated rainfall intensity and compared with the rainfall calculated from X-band 

weather radar station. All the results of simulations were connected with the space-time structure 

of rainfall. It was concluded that if correct temporal resolution, power resolution, frequencies and 

wet antennas factor is selected then accurate estimation of rainfall intensity can be exactly 

possible by using microwave links. 

 

Villarini et al. (2008) discussed that the measurement of rainfall from rain gauge is one of the 

standard method but this method estimate rainfall with high degree of accuracy at a specific 

location. This method does not capture rainfall for large area due to low spatial and temporal 

resolution. However there are other sources available like satellite remote sensing and radar data 

set but these methods show accuracy up to certain limit. The study was conducted in Bure 

catchment having total area of 135 km2. Six year data-set was used from 50 rain gauges to study 

the uncertainties in rainfall due to temporal and spatial sampling. It was concluded that temporal 

sampling errors decreases with increasing area and increases with increases the sampling interval 

based on scaling law.  

 

Overeem et al. (2008) studied the estimation of rainfall from weather radar gives high spatial 

and temporal resolution therefore, use of weather radar data for analysis of precipitation is 
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suitable and relevant. To confirm this, a study was conducted in Netherlands and weather radar 

data of 10 years were obtained from C-band Doppler weather radar station having spatial 

resolution of 2.4 km. Different types of method were used to remove the biasness in the rainfall 

depths measured by weather radar. The data from automatic rain gauges were used to compare 

with estimated rainfall from weather radar. A verification of manual rain gauge and automatic 

rain gauge with weather radar precipitation remove all under and over estimation. The developed 

method i.e MFBS remove all type of errors and explains best calibration and validation.  

 

Goldshtein  (2009) accompanied to find rainfall rate (mm/hr) between the sender and the 

receiver tower. The rainfall is estimated using power law relationship. The developed algorithm 

mainly consist of preprocessing of all links data, and can be used to interpolate the measured 

rainfall on regular grid to developed two dimensional rainfall maps. This novel method of 

rainfall estimation can be applied for different locations with different operating frequencies to 

check the accuracy and sensitivity of the developed model. The signal based measured rainfall is 

compared with standard rain gauges stations and weather radar data, showing excellent 

agreement.   

 

Leijnse and Uijlenhoet (2010a) conducted experiment to confirm the suitability of the 

microwave links for measurement of rainfall by using the path- integrated fluctuation of the 

signal using different type of link polarization and frequency. Microwave link simulation was 

preformed for two year time period by using drop size distribution, Taylor’s hypothesis and 

velocity of wind data. High resolution radar data having 1.5 years time period was used to the 

test the significance of Taylor’s hypothesis. It was concluded that on the basis of relationship 

between spatial and temporal resolution of rainfall, the Taylor’s hypothesis deceases as the 

distance increases but it performed well up to distance of 10 km. Uncertainties decrease and 

errors increases as the path length increases because of drop size distribution varies as the path 

length increases. These errors and uncertainties can explain by using the exponent of the power 

law relationship which clearly explained that these errors and uncertainties depend on the 

exponent of power law relationship, not on the path length of the microwave link.    
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Leijnse et al. (2010b) conducted experiment at Atmospheric Research center (CESAR) where 

different types of instruments are available for the measurement of rainfall. The data collected 

from these instruments is freely available online. Different types of instruments used for rainfall 

record at CESAR include three disdrometers, three radar stations having frequencies 1.3, 3.3, and 

35 GHz, X-band dropper radar and large dense rain gauge stations. Different comparison 

presented in this paper for rainfall calculated from above mentioned instruments with different 

temporal and spatial resolution. This freely available precipitation data is very useful for 

different studies, which include agricultural water management and different hydrological 

processes.  

 

Overeem et al. (2011) studied that microwave links of telecommunication networks is one of the 

new technique that can be used for rainfall estimation. These types of microwave links cover 

wide region of the earth surface especially in urban area. The concept behind how rainfall can be 

measured from microwave links is that the signal shows fluctuation during rainy period and that 

fluctuation can be estimated by difference between the received and transmitted powers. This 

technique was used in Rotterdam region, which is city of Netherlands having population more 

than 1 million. Data sets having 17 days were selected from the year 2009 was used to 

investigate this new concept. This signal distortion was converted into rainfall. The signal based 

measured rainfall was compared with radar rainfall data having 15 min resolution. Same 

procedure was repeasted for data set having 21 rainy days selected from 2010 for calibration and 

validation. The developed algorithm was tested for different rainfall intensity to test the 

sensitivity of the algorithm.  

 

Brauer et al. (2011) evaluated the cause of heavy rainfall in Netherlands and some part of 

Germany on 26 August 2010.   Heavy rainfall of 129 mm stuck for more than day in an area of 

740 km2 and destroyed agricultural fields, highways, thousands of houses and many other 

financial losses. The reason of this study was to examine the reasons for such heavy rainfall that 

causes considerable losses. 

 

Rayitsfied et al. (2011) discussed that rainfall estimation have been investigated all over the 

world because it is important input parameter for different studies like hydrology, meteorology, 
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flood predication, flood estimation and for water resources management. Rainfall estimation by 

using radio links of telecommunication networks is a new and promising technique. This method 

gives high resolution data having spatial resolution 1×1 km2 and temporal resolution of even 15 

min. There is no instrumentation cost involve because readily existing setup is used. The study 

was conducted by using 70 microwave links and 7 rain gauges station in Israel. Two years data 

having total 19 rainfall events were evaluated. Two different methodologies were used. Rainfall 

was estimated by using signal based approach and secondly rainfall was calculated by automatic 

rain gauges networks. Statistical analysis shows that correlation between signal based rainfall 

and rain gauge rainfall having one-minute temporal resolution is found 0.65 and 0.77 

respectively. Similarly, correlation between signal based rainfall and rain gauge rainfall having 

10 minute temporal resolution is found 0.85 and 0.85 respectively. 

 

Uijlenhoet et al. (2011) evaluated the potential of scintillometer as a path average rain gauge. 

During the years 2006 and 2007, apparatus was installed over a distance of 2.4 km in Benin. 

Total 22 events were recorded during rainy and non-rainy periods having one min temporal 

resolution. The results were compared with power law relation for drop size distribution and rain 

gauges. The presented results confirmed that rainfall rate through large-aperture scintillometers 

can significantly useful for hydrological studies.   

 

 

Overeem et al. (2012) discussed the importance of accurate measurement of rainfall which is the 

main factor for water resources management, for agriculture water management, climatic studies 

etc but availability of this data on high temporal and spatial resolution is very limited. Accurate 

measurement of rainfall estimation can be possible by using radio links of telecommunication 

networks. Radio signal travels between the sender and receiver and this signal attenuate due to 

rainfall intensity. The study was conducted in Netherlands by using 2400 links of local 

telecommunication company (T-Mobile). This study proved that this technique is very successful 

for rainfall monitoring at high temporal and spatial resolution, especially in those areas where 

rain gauges network is decline day by day.  
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Wang et al. (2012) introduced an algorithm, which is used to classify the attenuation of 

microwave signal due to dry-wet spells and named this algorithm as Marko switching algorithm. 

This algorithm does not depend on any empirical estimated parameters, its only depend on 

simple state-space model. The algorithm was tested in Zurich Switzerland by using data set from 

new and original experiment. The results were compared with three other readily developed 

algorithm. All the results confirmed that MARKO switching algorithm shows good results. 

 

Van de Beek et,, al. (2012) accompanied study in Netherlands to investiage the spatio-temporal 

variability of rainfall by using data set of 30 years (1979-2009) from 33 automatic rain gauges 

stations with significant results.  

 

Fenicia et al. (2012) studied that rainfall estimation from microwave links is new concept and a 

lot of work has been done so for but further there is need to investigate this new technique on 

large area. This is readily existing setup in urban areas, so there is no instrumentation cost 

involved in this new technique. The research was conducted in Luxemboury-City having dual 

frequency links. For calibration and validation, rain gauges were installed along the entire length 

of links at different places. The results were compared based on individual frequencies and also 

calculated based on the difference between the links frequencies. Different type of models were 

used to studied the relationship between attenuation of the links and measured rainfall, which 

include constant base line model etc and further these models were evaluated using different 

approaches like Bayesain approach. It is also presented in this study that rainfall estimation 

based on the attenuation shows no good results than rainfall measured by using individual 

frequencies.  The developed model shows biasness for low rainfall which is the drawback of this 

technique and further need to be investigated. Developed model was calibrated and validated for 

different time periods and for different links location to check the sensitivity and accuracy of 

model. 

 

Chwala et al. (2012) justified that rainfall is stochastic variable and it accurate measurement 

remain an important issue. There are different methods available which are used to measure 

rainfall which include rain gauge stations, weather radar and satellite images (TRMM and GPM), 

But all these methods provide low resolution data. A new technique of rainfall estimation by 
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using microwave links of telecommunication networks was employ in alpine a small region in 

Germany.  Signal distortion was recorded by using data logger at all the selected towers.  There 

was large signal attenuation in periods, when there was no rainfall, so the determination of 

attenuation in the signal because of rainfall was not clear.  For this data-set from July 2010 to 

October 2010 was continuously tested and new method was introduced to indentify attenuation 

due to the dry and wet spells.  After, dry- wet classification, rainfall was estimated and statistical 

cross between the signal-based rainfall and rainfall from weather radar and rain gauges was 

performed. The coefficient of determination for link-rain gauge was 0.81 and link-radar is 0.85. 

 

Overeem et al. (2013) discussed that high spatio-temporal information is very important for 

hydrological and meteorological studies but there is no accurate method available for rainfall 

estimation and all these available methods give biasness. This biasness disturbs the water balance 

components and result in errors in models related with watershed management, flood estimation 

and forecasting, groundwater management, and most important agricultural water management.  

Microwave link travels between the sender and receiver and this radio link signal attenuate due 

to rainfall intensity. This attenuation is converted in path averaged rainfall intensities. The study 

was conducted in Netherlands and one local telecommunication networks having 2400 links was 

selected to estimated rainfall from signal attenuation. The study suggested that this technique is 

best real time rainfall estimation and adopted in those countries where rain gauges networks or 

weather radar data is limited. 

 

Biancli et al. (2013) concluded that for different hydrological studies, rainfall is most important 

factor which should be measure accurately. There are different types of rain gauges which are 

used for rainfall monitoring but this reference method is not very accurate and there is spatio-

temporal variability exists for given area. There is need to install large number of rain gauges, 

which is not possible because of financial and management issues. This technique was adopted 

for Switzerland and results were compared between signal based rainfall and rainfall from rain 

gauges. Some errors were also detected, which attenuate the signal not because of rainfall, like 

random noise, systematic error. The proposed technique was tested on real time basis. 
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Heistermann et al. (2013) discussed that data for weather radar station is not an accurate 

representation of specific point therefore cannot be used for the water resources studies. There 

are a lot of technical and scientific errors in this data but still we depend on that uncertain data 

because of having no other suitable source. The weather radar library provides different types of 

tool and source that can help to remove these errors to some extent and further used for 

hydrological and meteorological studies. Scientist should develop some easy processing 

algorithms to download and process weather radar data that is free from errors and uncertainties. 

 

Schleiss et al. (2013) conducted experiment in Switzerland to evaluate errors in rainfall 

estimation from cellular links due to wet- antenna attenuation. The signal attenuation due to wet-

antenna attenuation was tested at different temporal resolution.  

 

Doumounia et al. (2014) studied the rainfall estimationusing microwave links of 

telecommunication in Burkina Faso, city of Sahelian West Africa.   Data-set of year 2012 having 

1-s resolution from national cellular company was used named Telecel Faso. A link having path 

length 29 km and operating frequency of 7 GHz was selected. The signal attenuation converted 

into rainfall intensity and results were compared with rain gauges data. The coefficient of 

determination between link-rain gauges was 0.80.  

 

Gaona et al. (2015) In order to investigate the uncertainties in signal based rainfall, two different 

methods were used: (1) errors associated with independent link measurement, i.e. dry-wet 

classification, reflection and refraction of signal, drop size distribution etc; (2) errors associated 

with rainfall mapping. The study was conducted in Netherlands and computing 3500 rainfall 

maps for signal based rainfall and weather radar. The results were compared against rain gauges 

networks. 

 

Overeem et al. (2016) suggested that microwave links help in accurate rainfall estimation and 

further can be used for calibration of rainfall measured by using rain gauge, weather radars or 

satellites image which include TRMM and GPM. Total 2400 links were selected in Netherlands 

to developed map of country by using this technique having 15 min resolution. The detailed 

rainfall retrieval algorithm is provided in this paper along with the user friendly code which is 
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written in R language. The main reason to provided entire algorithm and code in the paper to 

promote the new technique of rainfall estimation that can be further used for watershed 

management, flood estimation and forecasting, groundwater management, and most important 

agricultural water management.  

 

Vanhet Schip et al. (2017) demonstrated that signal from cellular communication networks can 

be used for rainfall estimation. The attenuation in the signal can be converted into path averaged 

rainfall intensity. However attenuation in the signal may be due to non-rainy period, which 

should be investigated. A data set having 12 days was used from local telecommunication 

company in Netherlands. Statistical analysis between signals based rainfall with radar and 

satellite data has been checked. All the comparisons were confirmed that this new technique of 

rainfall estimation is very important in those areas, where other methods of rainfall estimation 

are limited.        

2.2 Surface and Subsurface Drip Irrigation with deficit irrigation 

 

Bekele and Francois (1973) conducted research on vegetable crops under SSDI. It was 

concluded that SSDI is best method that established proper root zone water storage and water 

uptake required by the crop. Two years field study confirmed that sub-surface drip irrigation 

improve 30% more yield as related to the traditional  

furrow- irrigation.  

Oron and Hoffman (1991) conducted experiment on crops includes wheat, peas and cotton 

under sub-surface drip irrigation for five years. For all different treatments, domestic irrigation 

water was used and concluded that sub-surface drip irrigation gives higher crop yield with 

treated domestic water and even water was properly pass through the emitter and there is no 

clogging issue. 

Hanson (2004) investigated the soil salinity level, sub-surface drainage, shallow ground water 

movement in fine-textured soil in California. It was recorded that yield for tomato was 12.90–

22.62 Mg/ha under drip irrigation. The soil water pattern observed during entire growing 

confirms that if the drip system is properly maintained, that reduces the percolation losses and 
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improves root zone water storage. Similarly, salinity level was also more maintained within 

required limit under drip irrigation system. It is also concluded that profit of 867 to $ 1493 ha−1 

was obtained under drip irrigation system than sprinkler system.  

 

Mermoud et al.,. (2005. Different irrigation strategies were studied, one was based on farmer’s 

practices and the other was based on scientific approach with different irrigation strategies (daily 

and weekly basis). Different irrigation scenarios were developed by using deterministic model 

(HYDRUS). It was concluded that traditional farmer’s practices give poor crop yield with low 

water use efficiency. Whereas irrigation on week basis instead on daily basis was most beneficial 

for water storage in root zone, and for higher yield. The observed and simulated results of the 

model (HYDRUS) confirm that irrigation interval is very important for the root zone water 

storage, ultimately influence water balance components. It is concluded that decrease irrigation 

interval, helps in better root zone water storage, proper crop transpiration and reduced 

evaporation losses.  

 

 

 Patel and Rajput (2008) conducted experiment on onion crop for three years to study the 

optimum depth of drip lateral in sub surface drip irrigation under different irrigation levels and 

concluded that sub surface drip irrigation method is latest method to improve crop yield with 

high water use efficiency. Significant onion yield was observed by placement of drip lateral at 

different depth with different irrigation levels. The higher yield 25.7 (t ha-1) was observed with 

0.55 t ha-1 cm-1 water use efficiency by placing drip lateral at the depth of 10 cm. It was also 

concluded that drip lateral placed at shallow depth, especially for vegetable crop gives higher 

crop yield. 

 

Enciso et al. (2008) experiment was conducted in Rio Grande Valley located in Texasto study 

the effect of onion yield for sub surface drip irrigation under different irrigation strategies. Two 

different irrigation strategies were studied. First strategy was to apply water equal to evapro 

transpiration 100%, 75% and 50% on weekly basis and second apply irrigation,  
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El Balla et al. (2013) studied different water stress levels on yield and quality of yield for onion 

crop. Water stress was applied at reproductive growth, namely initial stage (bolting), crop 

development stage (flowering), mid stage (seed formation), and final stage (seed maturation 

stage) respectively. Different growth parameters, which include umbel diameter etc were 

observed.  Onion yield was suggestively affected by applying water level stress at different 

reproductive duration.  

 

 Ayars et al.  (2015) reviewed the adoption and importance of drip irrigation system in 

California. Surface and sub-surface drip has been used in California for the past 30 years and it 

was adapted initially for the annual row crops but it was also used for perennial crops. It is 

concluded that as the population rate increases, the food requirement also increases, for this SDI 

is one the irrigation method that help to improve the water use efficiency and crop water 

productivity and that ultimately reduce the risk of food storage.  

2.3 Soil -Moisture and ETo Irrigation  based Scheduling 

 

Bailey., and Spackman (1996) developed a model which helps to estimate the soil moisture and 

evaprotranspiration, which further used to perform high resolution irrigation for sugar beet. The 

soil parameter which the model required is soil texture, field capacity, wilting point, depth of 

soil. Similarly plants characteristics which required include are plant species and planting date. 

Further the model use climatic data including rainfall to calculate the potential 

evaportranspiration. The model estimate potential evaportranspiration for the reference crop and 

then can be adjusted for other crop at different location. All the other input parameters (soil and 

crop) then adjusted for the estimated potential evaportranspiration.  

            Zotarelliet  (2009) directed trial to investigate yield, water efficiency and root zone distribution 

by applying different fertilizer rate and irrigation scheduling for tomato drip. The experiment 

consists of three different fertilizer rate (176, 220 and 230 kg ha-1 under different water regimes.  
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Singandhupe et al., (2017) showed trial in Maharashtra to compared the ETO calculated from 

Penman-Monteith model  with five other model to check the significance of Penman-Monteith 

model. For this purpose, data of previous five years was used. It was concluded that pervious 

Modified Penman model of FAO-24 estimate good results than the FAO-56 PM model but 

required more input parameters which include aerodynamics parameters and solar radiations to 

estimate ETo. The other model like Hargreaves and Blaney Criddle models were also 

temperature based are also in good greement with the FAO56 PM Model shows minimum MBE, 

RMSE, RE. 

 

Aguilar et al. (2015) reviewed that real rime irrigation scheduling is very important for effective 

agricultural water management that improve crop water productivity and water use efficiency. 

Experimental setup was performed in Southwest Research-Extension Center plots in Garden 

City, Kansas by using evaprotranspiration and soil moisture sensors based KanSched tools that is 

effective for real time irrigation scheduling in the field.  Soil moisture sensors were installed in 

three different fields at Southwest Research-Extension Center plots in Garden City, Kansas and 

investigated that effect of real time irrigation scheduling in three different fields and concluded 

that the irrigation manager and scientist consider this important factor. 
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CHAPTER- 3 

METHODOLOGY 

 

 The experiment was repeated for two growing year’s i.e (2015-2016 and 2016-2017) for onion 

and peas crop. Real time irrigation scheduling was performed using rainfall estimated from 

microwave signal from cellular communication networks using RAINLINK Software developed 

in R (Overeem et al., 2016). Signal data of 35 links in Faisalabad was obtained from 

international telecommunication Network Company Telenor, working in Pakistan. To calibrate 

and validate signal based rainfall estimated from RAINLINK package, rainfall data was obtained 

from three different rain gauge stations. After verification of signal based rainfall, it was used as 

an input parameter to calculate the irrigation water requirement for different crops.  Secondly 

this signal based rainfall was used to study the spatial variability of rainfall within the study area 

using statistical analysis and interpolation technique in ArcMap10.2.1. The site and procedural 

details for data collection, analysis etc. are explained in the succeeding portions.  

 

3.1  Rainfall estimation and spatio-temporal variability analysis using 

microwave signals of cellular communication networks: a case study of 

Faisalabad, Pakistan 

 

3.1.1 Study area 

 

This pilot study was carried out in Faisalabad district of Punjab, Pakistan. It has total area of 

5856 km2. Faisalabad lies under arid- to semi-arid climate witt rainfall varies between 350-

400mm (www.pmd.gov.pk). The heavy rainfall is between July to September under monsoon 

season. During summer season, the temperature reaches 48 oC and for winter season.  Similarly, 

the mean max and min temperature during winter season is17 °C, and 6 °C correspondingly.  
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Signal based approach (RAINLINK) was tested in Faisalabad because it is an agricultural city, 

irrigated by low Chenab canal, produces sugarcane, cotton, maize wheat, vegetables and fruits 

etc. The management of water resources requires high spatio-temporal information of rain data.  . 

Similarly, rainfall information at high spatio-temporal resolution help famers to better preformed 

the irrigation scheduling for different crops. For this purpose, total 35 cellular links (L1 to L35) 

owned by an international telecommunication company (Telenor-Pakistan; a 4G mobile 

company) were used, situated within the municipal and agricultural area of the district as shown 

in the Fig 3.1. All the towers were selected in such a way that three RGS available within the city 

should be properly covered. These three rain gauges were installed and maintained by University 

of Agriculture (UAF-RG), Water and Sanitation Agency (WASA-RG) and Ayub Agriculture 

Research Institute, Faisalabad (AR-RG). 

 

Figure 3.1: Map of Pakistan with location of Faisalabad city and study area with location of 

selected microwave links (red, zinc, green and purple towers), and triangles: yellow color 
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(University of Agriculture), orange color (Ayub Research) and blue color (Water and Sanitation 

Authority) rain gauge. 

3.1.2   Data used 

3.1.2.1 Microwave link data 

 

In order to estimate rainfall intensities, signal data of 35 selected signals in Faisalabad was 

obtained from international telecommunication Network Company Telenor, working in Pakistan 

with operating frequency of 38 GHz under 15 min interval. Figure3.1 clarifies the position of 35 

nominated links and location of rain gauges. It is clear from Fig 3.1 that L2, L28 and L34 are 

close to UAR-RG, AR-RG and WASA-RG respectively. All the other selected links were 

vertically polarized and in the radius of 250 km2 area. The data format required to process the 

RAINLINK package was acquired from Overeem et al. (2016). Signal data-set of year 2012(Jan-

Oct) was used for sensitivity analysis of input parameters for calibration with three RGS within 

the study area. Total 37 and 40 days (both rainy and non-rainy days) from years (2012(Nov)-2014) 

and (2015-2017) were selected for validation purpose. Given below is the list of input parameters 

which is required to estimate rainfall from signal based approach. All these input parameters 

were arranged in specific manner for easy processing (fig 3.2) through RAINLINK package. 

 

1. Microwave frequency (GHz) 

2. Min and max received power ( dBm ) 

3. Date and time (YYYYMMDDhhmm ) 

4. Path length (Km) 

5. Coordinate longitude and altitude both sender and receiver 

6. Link ID and number is assigned to each Link ID 

7. Data storage time (15 min temporal resolution) 
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Figure3.2: Arrangement of input parameters required column wise to process through 

RAINLINK 

3.1.2.2 Rain gauge station data 

 The employed rain gauges’ data were obtained from three different rain gauge stations namely 

UAF-RG, WASA-RG and AR-RG, operated by (University-of-Agriculture-Faisalabad), (Ayub- 

Agriculture-research) and (Water-and-Sanitation-Authority-Faisalabad) respectively. The 

information delivered by all these stations was daily cum rainfall values for  each day. For 

calibration purpose, sensitivity analysis of input parameters was done to select the optimized 

values and then validation was done for these optimized input values. Signal based rainfall 
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having 15 min interval transformed  daily cum rain value for each day to compare it with UAF-

RG, WASA-RG and AR-RG stations. Two independent validation of three selected links i.e. L2, 

L28 and L34 against UAF-RG, AR-RG and WASA-RG rain gauges respectively was performed. 

The UAF-RG was selected as a reference point to study variability of rainfall within the 

experimental area.  

3.1.3 Methodology 

3.1.3.1 Rainfall estimated from signal based approach 
 

Microwave links are the key foundation of communication among the telecommunication towers 

and can weaken due to rain intensity (Upton et al., 2005). This distortion in the  data-signal can be 

measured by power- law suggested by Atlas and Ulbrich (1977) that defines   association between 

rainfall and specific attenuation 

𝑟 = 𝑐𝐾𝑏(3.1) 

In Eq. (3.1) K is the (specific-attenuation) (dBkm-1), r is the intensity of rainfall (mmh-1), c is the 

coefficient and b is the exponent (Jameson, 1991; Berne and Uijlenhoet, 2007; Leijnse et al., 

2010a; Overeem et al 2011, 2016) During rainy-period  distance (km) of the signal between the 

two tower weaken (dB) and thus the intensity of the rainfall is given by 

Fref(𝑤) − 𝐹(𝑤) = 𝐴𝑚 = ∫ 𝐾(𝑑)𝑑𝑠 = ∫ [
𝑟(𝑑)

𝑐
]1/𝑏𝑤

0

𝑤

0
   (3.2) 

In Eq. (3.2) Fref is the (reference –signal- level), d stands for length of the signal and F (w) is  

received power (dBm). After approximation final form of power law is given below (Overeem et 

al., 2011, 2013, 2016) 

< 𝑟 >= 𝑐  [
𝐹𝑟𝑒𝑓(𝑤)−𝐹(𝑤)

𝑤
] b             (3.3) 

The value of coefficient c and exponent b as explained by Overeem et al., (2016) ) vary for a 

range of frequencies between 12.5-42.5 GHz and in this study values of c and b were  selected 

from Overeem et al., (2016) based on the operating frequency( Berne and Uijlenhoet (2007).  
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3.1.3.2 Preprocessing of signal data 

 

This is the first step in which two days’ data file was first converted into one file and converted 

as a notepad file and run as input file in RAINLINK software. The frequency of the selected link 

was 35 GHz (Overeem et al., 2011;2016) 

3.1.3.3 Wet-dry spells classification 

 

The second step is to separate  dry-wet spell. The process how to distinguish between the dry-

wet spells described below (Overeem et al., 2011, 2016; Van het et al., 2017). 

3.1.3.4 Determination of reference signal level and corrected received power 

 

The performed classification of rainy and non-rainy time intervals serves two purposes: (1) it 

allows for determining an accurate reference signal level or base level, which needs to be 

representative of dry weather; (2) it prevents non-zero rainfall estimates during dry weather. 

 

1. The reference signal level Fref is computed for each link and time interval separately from 

the minimum and maximum received signal powers (dBm), Fmin and Fmax respectively  

 

 

1. F = (Fmax + Fmin )/2  (in dBm) is computed for each time interval classified as dry in the 

previous 24 h (including the present time interval); 

 

2. Fref is the median of F over all dry time intervals. If the number of dry time intervals represents 

less than 2.5 h over the previous 24 h, Fref, and hence the rainfall intensity, is not available and so 

not computed. 

Subsequently, the corrected max received power FC
max and corrected min power received FC

min 

were calculated using Eq. (3.7) and Eq. (3.8) (Overeem et al., 2011, 2016) 
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 𝐹𝑐
𝑚𝑖𝑛 = (

𝐹𝑚𝑖𝑛

𝐹𝑟𝑒𝑓

  𝑖𝑓 𝑤𝑒𝑡 𝐴𝑁𝐷 𝐹𝑚𝑖𝑛 < 𝐹𝑟𝑒𝑓

𝑖𝑓 𝑑𝑟𝑦 𝑂𝑅 𝐹𝑚𝑖𝑛 ≥ 𝐹𝑟𝑒𝑓
)(3.7) 

𝐹𝑐
𝑚𝑎𝑥 = (

𝐹𝑚𝑎𝑥

𝐹𝑟𝑒𝑓

  𝑖𝑓 𝐹𝑐
𝑚𝑖𝑛 < 𝐹𝑟𝑒𝑓 𝐴𝑁𝐷  𝐹𝑚𝑎𝑥 < 𝐹𝑟𝑒𝑓

𝑖𝑓 𝐹𝑐
𝑚𝑖𝑛 = 𝐹𝑟𝑒𝑓 𝑂𝑅 𝐹𝑚𝑎𝑥 ≥ 𝐹𝑟𝑒𝑓

)                                                              (3.8) 

3.1.3.5 Calculation of path-average rainfall-intensity 

 

The minimum and maximum rain-induced attenuation was calculated for each link having 15 

min temporal resolution using Eq. (3.9) and Eq. (3.10) 

𝐴𝑚𝑖𝑛 =  𝐹𝑟𝑒𝑓 − 𝐹𝑐
𝑚𝑎𝑥                            (3.9) 

𝐴𝑚𝑎𝑥 =  𝐹𝑟𝑒𝑓 − 𝐹𝑐
𝑚𝑖𝑛                (3.10) 

Next, path-averaged rainfall is calculated using Eq. (3.11), (3.12) and (3.13) 

𝐾𝑚𝑎𝑥 =  
𝐴𝑚𝑎𝑥 −  𝐴𝑎

𝐿
𝐻 (𝐴𝑚𝑎𝑥 −  𝐴𝑎)(3.11) 

𝐾𝑚𝑖𝑛 =  
𝐴𝑚𝑖𝑛 −  𝐴𝑎

𝐿
𝐻 (𝐴𝑚𝑖𝑛 −  𝐴𝑎)                                                   (3.12) 

< 𝑟 > = 𝛼𝑐𝐾𝑏
𝑚𝑎𝑥 + (1 − 𝛼)𝑐𝐾𝑏

𝑚𝑖𝑛                                                          (3.13) 

 

Where Aa is attenuation due to wet antenna, Kminand Kmax are the minimum and maximum 

attenuation in decibel per kilometer and α is a coefficient and H is the Heaviside function (if the 

argument of H is smaller than zero, H = 0, else H = 1). The sensitivity analysis of the values of α 

and Aa was performed (Overeem et al., 2013, 2016). 

3.1.4 Calibration and validation of RAINLINK 

Signal data-set of year (2012(Jan-Oct)) was used for sensitivity analysis of input parameters for 

calibration purpose. Among different input parameters, c and b were selected from Overeem et 

al., 2016 on the basis of operating frequency of the signal that was 38 GHz and it was vertically 

polarized. Sensitivity analysis of Aa and α was performed using local signal data. Aa and α were 

optimized using 15 min mean rainfall for selected range of α (0-0.6) and Aa (0-5.0) and 

associated with the observed rain-data at reference   gauge station. The reason for the daily 
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comparison was that the data given by reference  gauge was the cum value for the whole day. 

Standard deviation and mean biasness was calculated for selected combination of ranges of 

values for α and Aa. The optimal values were selected by finding the point where there were 

lowest standard deviation with lowest mean biasness. After selection of optimized values of c, b, 

alpha and Aa and other parameters for local conditions, RAINLINK was validated for two 

independent data-set for year (2012(Nov) -2014) and (2015-2017). For validation time period,  

rainfall intensities projected link having 15 minutes  resolution were transformed into daily 

(24hrs) cumulative-rainfall value against each day to compare with daily (24hrs) cumulative 

rainfall values of UAF-RG, AR-RG and WASA-RG.  

3.1.5Spatial rainfall variability analysis 

3.1.5.1 Spatially variability with respect to distance 

 

The UAF-RG was used as a reference point to study the spatial variability of rainfall within the 

study area. The cumulative rainfall depths of UAF-RG were compared with all the selected 35 

links based rainfall depth to study the spatially variability within area of 225 km2. The distance 

of all the selected links from the reference UAF measured. The link (L2) was very close to 

reference (UAF-RG) nearly < 200 m distance and all the other remaining links were in the 

distance of 1-18 km around the (UAF-RG) at different locations. The comparisons were carried 

out on the basis of scatter density plots and three metrics: mean rainfall, coefficient of variation 

(CV), and coefficient of determination (R2). Two different validation periods i.e (2012(Nov) -

2014) and (2015-2017) were used to study the spatial variability of rainfall 

3.1.5.2 Spatial-temporal signal based rainfall maps to study spatially 

variability 

 

Rainfall estimated from cellular microwave links was spatially interpolated to obtain the rainfall 

maps. Ordinary Kriging and IDW techniques can be used to spatially interpolate rainfall maps 

(Overeem et al., (2011,2013, 2015, 2016); Rios Gaona et al., (2015). However, ordinary kriging 

requires variograms that needs well distributed data points that was not feasible to used due to 

limited data set. Therefore, IDW technique was used to interpolate the rainfall maps within the 

study area. The rainfall estimated from signal based approach was considered at the center of 
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sender and receiver link, thus the point data was used in IDW interpolation.  These interpolate 

rainfall maps were used to study spatial variability in rainfall depths estimated between signal 

and measure drain gauge rainfall depths. To verify rainfall maps simulated by interpolation 

technique, data from two rain gauge station located within study area were used to make 

comparison between simulated rainfall calculated from interpolation technique and the reference 

rain gauges (observed). The mean, coefficient of variation (CV) and coefficient of determination 

(R2) were calculated to check the biasness in the interpolated rainfall map. 

3.1.6 Percentage spatial error analysis 

 

The UAF-RG was taken as reference RGS to study the percentage error in rainfall as the distance 

of selected links increases or decrease from reference point (UAF-RG). Two signal data-set of 

year (2012(Nov)-2014) and (2015-2017) were used for this purpose. After estimating signal based 

rainfall at all the 35 selected links, (percentage-spatial-error) and (average-percentage-spatial-

error) for all the nominated links compared with UAF-RG was calculated using the Eq. (3.14) 

and Eq. (3.15),  

Percentage spatial error for each selected link against each day (PD) = (1 − (
𝐷

𝑓
)) ∗ 100    (3.14) 

Average percentage spatial error for all selected days for each link =
∑ 𝑃𝐷𝑖

𝑛
𝑖=1

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜 𝑜𝑓 𝑑𝑎𝑦𝑠
                         (3.15) 

Where D is cumulative signal based rainfall, f is cumulative UAF-RG rainfall depth, PD is 

percentage spatial error of each day from the reference rain gauge (UAF-RG). 

3.2 Real time irrigation scheduling using signal based rainfall and other 

climatic data for onion and peas crop 

3.2.1 Location and climate of experimental site 

 

The field experiment was conducted for two consecutive years 2015-2016 and 2016-2017 at 

Water Management Research Centre, University of Agriculture Faisalabad, Pakistan, having 

latitude 73.00O E, longitude 35.23O N and altitude 183 m from mean sea level. The climate of the 
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study area is arid to semi-arid. The on-set of rainfall in the study area is in April and May, but 

effective rainfall begins in late June and lasts till early October, with the peak in August. The 

mean annual rainfall is 350-450 mm. The climatic conditions of study area allow favorable 

growth of onion, maize, cotton, tomato, sugarcane etc. Figure 3.3presents the location of all the 

selected towers along with the location of (Water-Management-Research-Centre), University of 

Agriculture Faisalabad (WMRC, UAF), where irrigation scheduling was performed for two 

vegetable crops i.e onion and peas.    

 

Figure 3.3: Location of all the selected towers along with the location of (Water-Management-   

Research-Station, University-of-Agriculture-Faisalabad (WMRC, UAF), where irrigation 

scheduling was performed. 

3.2.2 Soils 

 

The soils of the study area consist of alluvial deposits with calcareous nature and it is a part of 

Indus Plain. These soils are underlain by different conductive aquifers and thick loam to sandy 
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loam soil (Kelleners et al., 1998). They are medium texture in nature. These soils are generally 

moderately course in nature with good permeability. The pH of these soils is in range between 7-

7.9 with low organic matter. These soils are favorable to grow extensive variety crops (Ahmed, 

2003) 

3.2.3 Measurement of initial soil characteristics 

 

Measurement of initial soil parameters, which include field capacity, permanent wilting point, 

soil texture, organic matter and pH is very important to better understand the soil characteristics.  

For soil initial assessment, samples of soil were taken from three depths i.e. (0-15, 15-30, 30-45 

cm) at 10 different locations within the experimental plots. The recommended standard 

procedure was used for soil sampling and all the samples were in the Laboratory of WMRC, 

UAF.  

 

3.2.3.1 Texture of soil 

 

Soil texture is very vital soil physical characteristics that help to determine other soil parameters, 

required for soil moisture monitoring and finally help in exact irrigation water requirement for 

crops. Samples were taken from three different i.e. (0-15, 15-30, 30-45 cm) within the 

experimental plots. All samples were examined in the lab using standard method called 

hydrometer analysis and it works on the principle of sedimentation of soil particles fallowed by 

Strokes’ Law. Soil texture is determined by USDA  (Moodie et al., 1959).  

  

3.2.3.2 Soil bulk density 

 

The weight of dry soil in a given volume is called soil bulk density and its unit is gcm-3. It plays 

significant role to understand the physical characteristics of soil. It is the dynamic property of 

soil that varies with soil structural conditions. Usually it is considered that it increases as the 

depth increases because of the change in porosity, organic matter and compaction. There are 

different methods used to calculate the bulk density, which include core, clod, excavation etc. In 

this study, core method examined the soil density using core diameter 3 inches. Samples were 
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taken from three different depths (0-15, 15-30 and 30-45cm). The detailed procedure used to 

determine bulk density was based on ASAE S269.3.    

3.2.3.3 Wilting point (PWP) and field Capacity (FC) 
 

FC is well-defined as, the amount of moisture remains in the soil, after gravitational water 

drained away and almost downward movement of water stopped. This condition achieved 2-3 

days after irrigation water applied. PWP is the lowest limit of wetness present in the soil for plant 

growth and if the soil moisture goes below this limit, then the plant no longer survives. These 

two parameters help in proper estimation of available soil water for plant growth. FC and WP 

was determined using pressure membrane following (Richard and Firemen (1943) and Richard 

(1948) 

. 

3.2.4 Measurement of chemical properties of soil 

 

For analysis of soil, pH and EC was analyzed. Samples of soil were taken from three different 

depths (0-15, 15-30 and 30-45cm) with 10 different locations within study area. The sample of 

each different depth was mixed to form a composite sample of each depth. Samples were 

examined for EC and pH in UAF. Soil pH was measured using pH meter after its proper 

calibration. After proper calibration of pH meter, it was dipped in soil extract solution, which 

was prepared by mixing soil sample with water. Electric conductivity of soil defined as the 

measure of amount of salts present in the given soil sample and it was directly measured using 

EC meter. Soil EC is an important indicator of soil health.  

 

3.2.5 Water Quality 

 

There are two sources irrigation water obtainable at trial site that was canal water and ground 

water. Therefore, samples of water  were obtained from both the sources. It is important 

parameter of water that explains the nature of water and estimates the basic, acidic or neutral 

behavior of water. It is simply measured using a pH meter after its proper calibration with 

standard solution. After proper calibration of pH meter, it was dip in given water sample. 



 
 

35 

Initially pH meter shows fluctuation in reading. When the reading was constant, it was noted.  

Usually it is measured in laboratory at 25oC which is considering as reference. Electric 

conductivity was measured by using EC meter. After calibration of EC meter with distilled 

water, it was dipped in given soil sample to check the EC of sample. 

3.2.6 Description of drip- irrigation system 

Drip irrigation is the latest irrigation method, with high WUE and increase yield. The main 

difference between SDI and SSDI is that in subsurface, the drip  laterals are hidden below the 

ground surface under the plant row, whereas in case of SDI , drip laterals are placed on the 

surface along the plant row. The subsurface irrigation method is easy to manage because it is 

underground, not affected by birds. In surface drip irrigation, lateral is strongly damaged during 

tillage operation but in case of SSDI,  as the laterals are underground they are not affected by 

different tillage operation. Basically there are three main parts of drip system which include 

water storage tank, head unit and main distribution system. The detail and specification of each 

of its component is explained below 

3.2.6.1 Water Tank 

It is important part, its  size depend on total area which is under drip irrigation system.  This 

water storage reservoir is very helpful to store water and it will have used, when canal or ground 

water is not available (Figure 3.4). 
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Figure 3.4: Water storage tank at experimental site 

3.2.6.2 Main Unit 
 

It consists of different parts which include pump, pressure gauge, block preventer, filter system, 

regulator valve, flow meter and fertilizer injector (Figure 3.5). The specification and detail of 

each part is given below     
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Figure 3.5: Main head 

3.2.6.2.2 Filter-system and pressure gauge 

 

It’s proper functioning is important for the entire life of the drip system. If it is not properly 

work than it will clog the laterals, emitter that decreases the life of system.  Pressure gauge is 

used to indicate the operating pressure of the drip system. 

 

3.2.6.2.3 Back-flow and pressure values 

 

Back-flow or return value is used to prevent the damage of pump from flow of water hammer in 

rising main line and the purpose of pressure regulator is to main the pressure the of system. 
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3.2.6.2.4 Fertilizer injector and flow meter 

 

Fertilizer injector is used to add the chemical to the irrigation water; however, fertigation is not 

free of hazards. Chemicals added to water may be toxic to human and animals, so precautionary 

measures must be taken to prevent back flow of irrigation water into the water source, which 

might be used for drinks purpose. Similarly, water-soluble fertilizer was used to minimize the 

clogging hazard. Flow meter is also an important part of drip system that is used to measure the 

exact volume of water applied.  

3.2.6.3 Main line, sub-main lines and drip laterals 

 

Usually the pipes, which are used in drip irrigation system, are PVC pipe. The PVC pipes are 

used to deliver water from mail line to the sub-main lines and these sub-main lines are further 

connected to the drip laterals.  The diameter of main and sub-main pipe used in this study was 

50.8 mm. In case of sub surface drip irrigation, the main lines are attached on the both side of 

all the drip laterals. The purpose of this is to make the system more efficient and reduce the risk 

of chocking. The drip lateral pipes used in drip irrigation system are made of polyethylene 

material. In drip lateral the emitter was built in and the distance between emitter to emitter was 

15 cm and its direction was always towards the roots zone of crop having diameter of 16 mm. 

For efficient working of system, the velocity should be up to 0.3 m/s for adequate flushing. 

Figure 3.6 represents field installation of drip system.  
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Figure 3.6: Field installation of drip system 

 

The preservation of drip  especially sub-surface drip is very important for efficient working of 

the system. There are different factors which are responsible to decrease the life of drip irrigation 

system and reduce its efficiency which include, biological growth in drip line, soil ingestion, 

some suspended material in the drip line, crimping of drippers etc. Different management 

technique like flushing, chlorination, and filtration were adopted. Further uniformity of dripper 

discharge and selection of operating pressure was performed during start of each growing season. 

The detailed explanation is given below. 

3.2.6.4.1 Dripper discharge 

 

Dripper application uniformity was evaluated using 60 drippers selected randomly. The 

uniformity of water application for the dripper discharge was analyzed in terms of coefficient of 
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variation (CV), statistical uniformity (SU) and distribution uniformity by using Eq. (3.16), 

(3.17), and (3.18) respectively as suggested Patel and Rajput (2006, 2008). Five micro-irrigation 

uniformity classifications were used to evaluate the performance of subsurface drip irrigation, 

which range from acceptable to unacceptable (ASAE, 1996a, b). 

CV= (
𝑠

𝑞
)                                                                                                                                    (3.16) 

DU= (
𝑞𝑙𝑞

𝑞
) ×100                                                                                                        (3.17) 

SU=(1 −
𝑠

𝑞
) × 100                                                                                                               (3.18) 

Where s is standard deviation of drippers discharge (l hr-1), q is mean dripper flow rate (l hr-1), 

and qlq is mean of lowest one-fourth of drippers discharge (l hr-1) ( Patel and Rajput (2006, 

2008). Five micro-irrigation uniformity classifications were used to evaluate the performance of 

subsurface drip irrigation, which range from acceptable to unacceptable (ASAE, 1996a, b).     

3.2.6.4.2 Operating pressure 

Operating pressure is the important parameter that controls overall performance of the system 

and help in providing required amount of water to the crop root zone without percolation, 

seepage and evaporation.  Two different operating pressure i.e.(1 bar and 2 bar ) were tested  to 

check the performance of the system i.e. 1 bar and 2 bar. The field conditions were developed in 

the lab providing opening in the vessels filled with soil at 0 cm, 6 cm, 12 cm, 18 cm and 24 cm 

respectively at T0, T1, T2, T3, T4. For all the five vessels, system was operated for two selected 

operating pressures i.e. 1 bar and 2 bars for half hour daily for 15 days in month of October and 

the dimension of cavity formation on soil surface was observed. In this way best operating 

pressure was selected to avoid over or under irrigation on the cavity formation. 

3.2.6.4.3 Evaporation losses 

Evaporation losses in the SDI were estimated to check water use efficiency as suggested (Singh, 

2004). The same setup was used to determine evaporation losses as described 3.2.6.4.2. After 

selection of 1 bar operation pressure, the system was operated for half hours for 30 days in the 

month of October. Weights of all the vessels were taken before and after the operating the 

system at 1 bar. The difference was calculated as evaporation loss.    
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3.2.7 Framework for real time irrigation scheduling 
 

Irrigation scheduling is a technique used by the researchers/scientists to control the careful 

quantity of water lost for soil in term of evaporation and transpiration from plant leaves (FAO 

1986). The required depth and duration of watering depend upon a lot of different factors which 

include soil characteristics, plant characteristics and type of irrigation system (FAO 1986). To 

calculate time of irrigation required to bring back the soil to the field capacity is related with 

exact calculation of crop water requirement. Crop-water-requirement  is well-defined as the 

quantity of water needed for crop equal to water which is loss through evapotranspiration. There 

are different methods used to compute CWR, which include soil moisture monitoring based and 

ETo based (Pan Evaporation and Climatic data). Figure 3.7 explains how real time irrigation 

scheduling was performed using signal based rainfall and other climatic information in this 

study. 

 

 

 

Figure 3.7: Real time irrigation scheduling framework 
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3.2.7.1 Pan evaporation 

Pan evaporation method is the simplest method to calculate the reference evapotranspiration. The 

rate of evaporation from a pan filled with water is easily estimated by taking the difference 

between the readings of two days. This method gives the evaporation rate from open source as an 

integrated effect of wind speed, temperature, humidity and solar radiation. In the study, Class A 

pan evaporation was used as shown in Fig 3.8. This pan was made of iron (22 gauge), circular in 

shape. The diameter of pan was 120.5 cm with 25 cm deep. It was placed on a wooden surface, 

which was 15 cm above. It was filled with water as it was remained empty 7.5 cm from top. For 

proper and accurate calculation, water was renewed every week and there was fences around pan 

to keep animals avoid drinking water from pan. The pan reading was taken, every day at 8 A.M 

in morning during the entire growth period. The pan evaporation was related to the reference 

evapotranspiration by an empirically derived pan coefficient (FAO Irrigation and Drainage paper 

No. 24 (FAO-24) and was calculated according to Eq. 3.19 

ETo = Epan*Kp(3.19) 

Where, Kp pan coefficient , ETo reference evapotranspiration [mm/day] and  Epan Pan 

evaporation [mm/day]. 

 

Figure 3.8: Class A Pan Field Demonstration 
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3.2.7.2 Climatic data 

 

The FAO Penman-Monteith equation was used to calculate daily the evapotranspiration from the 

hypothetical grass reference surface. Climatic information temperature, wind speed, solar 

radiation and humidity were obtained from weather sensors installed on cellular tower which was 

selected near the experimental site and signal based rainfall was also calculated from the same 

tower. The FAO Penman-Monteith is explained in Eq. (3.20) 

 

ETo =
0.408Δ(Rn−G)+γ

900

T+273
U2(es−ea)

Δ+γ(1+0.3U2)
                         (3.20) 

Where 

ETo reference evapotranspiration [mm day-1], 

Rn net radiation at the crop surface [MJ m-2 day-1], 

G soil heat flux density [MJ m-2 day-1], 

T air temperature at 2 m height [°C], 

u2 wind speed at 2 m height [m s-1], 

es saturation vapour pressure [kPa], 

ea actual vapour pressure [kPa], 

es - ea saturation vapour pressure deficit [kPa], 

∆ slope vapour pressure curve [kPa °C-1], 

∆ psychrometric constant [kPa °C-1]. 

3.2.7.3 Soil based crop water requirement 

The soil moisture measurement in the field is very important, from which it is projected, when   

and how much depth of irrigation. Conversely, such data can indicate how much water has been 

applied and its uniformity over the field. There are different instruments available for soil 

moisture monitoring in the field, which include TDR, soil moisture meter, electrical gypsum 

block, neutron probe etc. In this study, soil moisture meter was used  

θv = 
𝑤𝑤− 𝑤𝑑

𝑤𝑑
 × 100 ×B.D                                                                (3.21) 
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𝐶𝑊𝑅 =
𝜃𝐴.𝑊−𝜃𝑊.𝑃

100
∗ 𝑍𝑟                               (3.22)   

3.2.7.4 Irrigation water requirement 

The irrigation-water-requirement is the alteration between crop-water-requirement and a small 

part of rainfall which is used as an effective rainfall for crop production. The net amount of water 

required by the crop can be applied by irrigation, rainfall or combination of both sources. The 

irrigation water requirement is the first step toward developing real irrigation schedules (FAO, 

1986). If the rainfall is sufficient to cover the water needs of the crops, irrigation is not required. 

If there is no rainfall, all the water that the crops need has to be supplied by irrigation.  After 

calculation of crop water requirement and signal based rainfall as explained, Eq. (3.25) was used 

to calculate the irrigation water requirement 

IWR=CWR-Signal based rainfall-GW                                                            (3.25) 

3.2.7.5.1 Ridge-furrow irrigation 

  

For ridge-furrow irrigation, after calculating net irrigation of the system as explained in above 

section, than gross irrigation and time of irrigation was calculated using Eq. (3.26) and Eq. (3.27) 

G. 𝐼 =
ɳ ∗  𝑁.𝐼

100
                                                                     (3.26) 

𝑄 ∗ 𝑇 = 27.78 𝐴 ∗ 𝑑                                      (3.27) 

3.2.7.5.2 Surface and sub-surface drip irrigation 

 

For drip irrigation system, after calculation of irrigation water irrigation, first application rate 

was calculated using Eq. (3.28) where system efficiency taken into account 

𝐴. 𝑅 =
 𝑄𝑒

𝐿𝑠 ×𝐸𝑠 ×𝜂
                             (3.28) 

 

𝑂. 𝑇 =  
  𝑑𝑛

 𝐴.𝑅 
                               (3.29) 
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3.2.8 Experimental design for onion 
 

The experiment was conducted on 2100 m2 with drip laterals installed at 61 cm wide raised-bed. 

The experimental design was RCBD with treatments and 3 replications. Five treatments (T0, T1, 

T2, T3, T4) refers to drip laterals depths i.e on surface, 6 cm, 12 cm, 18 cm and 24 cm below 

ground surface with three replications of 100%, 80% and 60% of CWR. The crop was sown last 

week of November (both years) with four rows on the raised bed, two at each side of drip laterals 

at the a distance of 10 and 23 cm. Details of experimental treatments are given in table 3.1. 

Ground and canal water was used for irrigation depend upon the availability. Onion was 

transplanted during the last week of November, maintained plant to plant distance 15 cm and 

four rows were transplanted along each drip lateral on 61cm wide raised-bed with first and 

second row on both sides along the drip lateral at the distance of 10.16 cm and 22.86 cm 

respectively. The experiment for replication R1 is presented in Fig. 3.9 and field installation, data 

collection and demonstration of onion crop is shown in Fig 3.10 
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Table 3. 1: Experimental treatments for onion 

Treatment code(T) Depth of drip lateral (cm) Irrigation level % 

To 0 ( on ground surface ) 100 

T1 6 (below ground surface) 
100 

T2 12 (below ground surface) 
100 

T3 18 (below ground surface) 
100 

T4 24 (below ground surface) 
100 

0.8To 0 ( on ground surface ) 80 

0.8T1 6 (below ground surface) 
80 

0.8T2 12 (below ground surface) 
80 

0.8T3 18 (below ground surface) 
80 

0.8T4 24 (below ground surface) 
80 

0.6To 0 ( on ground surface ) 60 

0.6T1 6 (below ground surface) 
60 

0.6T2 12 (below ground surface) 
60 

0.6T3 18 (below ground surface) 
60 

0.6T4 24 (below ground surface) 
60 
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Figure 3.9: Layout of experiment for replication R1.
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Figure 3.10: Field installation, data collection and demonstration of onion crop 
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3.2.8.1   Growth parameters analysis for onion crop 

 3.2.8.1.1 Plant height (cm) 

 

Height of the plant was measured using measuring tape. Total 10 plants were selected in each 

treatment haphazardly, height was measured and average values were calculated.  

 3.2.8.1.2 length of leaf 

 

For the measurement of LA, 10 plants were selected in each treatment randomly,, their leaf area 

was  calculated using established process and average values were considered.   

 3.2.8.1.3 Bulb weight (grams) 

 

For the measurement of bulb weight, 10 plants were selected in each treatment randomly, their 

weight was measured using electric balance and averages were computed.  

 3.2.8.1.4 Yield (ton ha-1) 

 

For the measurement of yield, 1m2 square was used and placed in each treatment and all the 

fruits within the square meter were uprooted and keep it for drying two days and then removed 

the green part from fruit and weight them using weight balance. Yield was measured using 

Eq.3.30 

Yield=
𝑤𝑒𝑖𝑔ℎ𝑡(𝑡𝑜𝑛)

𝐴𝑟𝑒𝑎 (ℎ𝑎)
                               (3.30) 

3.2.8.1.5 Irrigation water use efficiency (ton ha-1 cm-1) 

 

Irrigation water use efficiency is defined as the total yield produced with total amount of water 

consumed to produce that yield. Irrigation water use efficiency was calculated using Eq. 3.31 

 Irrigation Water use efficiency = 
𝑌𝑖𝑒𝑙𝑑(𝑡/ℎ𝑎)

𝑇𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑐𝑚)
                            (3.31) 
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3.2.9 Experimental design for peas crop 
 

The field experiment was showed for two years 2015-2016 and 2016-2017 at Water 

Management Research Centre, University of Agriculture Faisalabad, Pakistan. The experiment 

was conducted on 2000 m2. Three treatments (T1, T2, T0) refers to three irrigation methods i.e.  0 

cm (surface drip), 12 cm (sub surface drip) and ridge-furrow irrigation with three irrigation 

stages i.e. (100%, 80% and 60% of CWR) was studied. Experiment for replication R1 is 

presented in Fig. 3.11 and field installation, data collection and demonstration of onion crop is 

shown in Fig 3.12. Ground and canal water was used for irrigation depend upon the availability. 

Peas was transplanted during the last week of first week of November , maintained plant to plant 

distance 15 cm and two row were transplanted along each drip lateral respectively. 

 

Table 3.2:  Experimental treatments for Peas 

Treatment code Irrigation methods Irrigation level % 

T1 0 cm (surface drip ) 100 

T2 12 cm( sub-surface drip) 
100 

To Ridge-furrow 
100 

0.8T1 0 cm (surface drip ) 80 

0.8T2 12 cm( sub-surface drip) 
80 

0.8To Ridge-furrow 
80 

0.6T1 0 cm (surface drip ) 60 

0.6T2 12 cm( sub-surface drip) 
60 

0.6To Ridge-furrow 
60 
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Figure 3.11: Layout of experiment for replication R1.
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Figure 3.11: Field installation, data collection and demonstration of peas crop 

3.2.9.1 Parameters studied 

 3.2.9.1.1 length of pod (cm) 

For the measurement of length of pod, 10 plants were selected in each treatment randomly,  pod 

length was measure using tape and averages value was considered.   

 

3.2.9.1.2 No of seed per pod 

 

For the measurement of no of seed per pod, 10 plants were selected in each treatment randomly, 

their no of seed per pod were counted and averages value was considered.   

3.2.9.1.3 Leaf area (cm2) 
 

For the measurement of no of seed per pod, 10 plants were selected in each treatment randomly, 

their no of seed per pod were counted and averages value was considered.   
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3.2.9.1.4 1000-seed weight (grams) 

 

Twenty pods were picked from different plants in each treatment randomly, their no of seed per 

pod were collected, weighted and averages value was considered.   

 

3.2.9.1.5Yield (tons ha-1) 

 

For the measurement of yield, 1 meter square was used and placed in the each treatment and all 

the plants within the square meter was harvested and keep it for drying two days and then picked 

the pods from plant and weight them using weight balance.  Yield was measured using Eq. 3.32 

Yield=
𝑤𝑒𝑖𝑔ℎ𝑡(𝑡𝑜𝑛𝑛𝑠)

𝐴𝑟𝑒𝑎 (ℎ𝑎)
        (3.32) 

 

3.2.9.1.6 Irrigation water use efficiency (ton ha-1 cm-1) 

 

Irrigation water use efficiency is defined as the total yield produced with total amount of water 

consumed to produce that yield. Irrigation water use efficiency was calculated using Eq. 3.33 

 

 IWUE = 
𝑌𝑖𝑒𝑙𝑑(𝑡𝑜𝑛/ℎ𝑎)

𝑇𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑐𝑚)
    (3.33) 
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CHAPTER-- 4 

RESULTS- AND DISCUSSION 

 

This portion present rainfall approximation by means of signal data from cellular networks, 

calibration and validation of signal based rainfall with reference rain gauge data-set. This signal 

based rainfall was used to study the spatio-temporal rainfall variability within the study area 

using statistical analysis and interpolation techniques in Arc Map10.2.1. This signal based 

rainfall is used as input parameter to performed real time irrigation scheduling. This chapter 

explains, all the detail soil and water analysis, different irrigation methods under different 

irrigation levels to investigate crop yield, exact irrigation water requirement by using signal 

based rainfall and statistical analysis of crop data etc. The results obtained are presented and 

discussed as under  

 

4.1 Rainfall estimation, calibration and validation using microwave signals of 

cellular communication networks: a case study of Faisalabad, Pakistan 

4.1.1. Calibration of RAINLINK package 

The calibration or sensitivity analysis insight the better understanding of the relationship between 

different parameters of the model. The sensitivity analysis of the model was performed using 

received signal data of year 2012(Jan-Oct) having 21 number of days including both rainy and non-

rainy days. The values of c and b were taken for Overeen et al., (2016). These values were 

selected after a number of simulations until the observed and simulated values match each other 

The selected values for c and b are 3.69 and 1.04 respectively (Overeem et al., 2016).  Overeem 

et al., (2011, 2013, 2016) optimized the values of α and Aa for two different frequencies.  In this 

study values of α and Aa were optimized for 38 GHz operating frequency according to the 

procedure explained in section 3.1.4. The values of α and Aa were optimized based on data 

selected from year (2012(Jan-Oct)). The 2-D contour plot shown in Fig.4.1 describes bias in the 

mean as well as residual standard deviation in path averaged daily rainfall depths for the three 

different data sets as a function of α and Aa. The red square represents the optimized values for 

the selected data set for Faisalabad, Pakistan. According to this, the values of α and Aa are 0.36 

and 2.2 respectively. 
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Figure4.1: Calibration of Wet antenna attenuation (Aa) and Coefficient  (α) for Faisalabad, 

Pakistan. 

4.1.2 Validation 

 

The rainfall estimated from signal based approach having 15 min temporal resolution was 

transformed into daily cum rainfall depth to equate it with the daily cumulative rainfall depth 

measured at three RGS located within the study area. Daily commutative rainfall depths at link 

no L2, L28 and L35 was compared to validate the RAINLINK frame work. Two independent 

signal data-set of year (2012(Nov)-2014) and (2015-2017) were used for validation and results are 

shown in fig 4.2. The comparisons were observed for three different cases of spatiotemporal 

aggregation, for the daily commutative rainfall depths of UAF-RG, AR-RG and WASA-RG with 

commutative signal based rainfall depths estimated from L2, L28 and L34 respectively. Figure. 

4.2 Top (left, middle and right) plots and bottom (left, middle and right) plots present validation 

of different links (L2, L28 and L34) with reference RGS. All the scatter plots in Fig.4.2 

summarize the values of the mean rainfall depth (RLink , RUAF-RG, RAR-RG and RWASA-RG), the 

coefficient of variation (of the residuals) CV, and the coefficient of determination R2 for the 

three cases of spatiotemporal aggregation, for signal based and  observed rain gauges rainfall 

depths.  
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Statistical analysis of RAINLINK and reference RGS is also given in table 4.1. Table 4.1 shows 

values of R2 for L2, L28 and L34 compared with UAF-RG, AR-RG and WASA-RG for two 

different validation data-sets.  The values of R2 for L2, L28 and L34 are 0.99, 0.97 and 0.96 

respectively for validation data-2012(Nov)-2014), whereas values of R2 are0.97, 0.97 and 0.98for 

validation data-set (2015-2017).  

Similarly RMSE for L2, L28 and L34 compared with UAF-RG, AR-RG and WASA-RG are 

1.21, 1.22 and 1.43 respectively for validation data 2012(Nov)-2014), whereas RMSE are 1.33, 

1.11 and 1.23 respectively for validation data-set (2015-2017).  

The higher values of R2 proved that now the model is well validated. Similar kind of finding is 

also confirmed by [Overeem et al., (2016, 2013, 2011), Venkal et al., (2016), Van het et al., 

(2017), Rios Gaona et al., (2015)] for the comparison of radar adjusted gauge with link based 

approach.   

 

Table 4.1: Statistical analysis of rainfall estimated between RAINLINK and reference rain gauge stations 

Validation time  period 

for different links 

Coefficient of determination (R2) Root Mean Square Error(RMSE) 

L2 L28 L34 

 

 

L2 L28 L34 

VAL(2012(Nov)-2015) 0.99 0.97 0.96  1.21  1.22  1.43 

VAL(2015-2017) 0.97 0.97 0.96  1.33  1.11  1.23 
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Figure 4.2:  One to one comparison between links (L2, L28 and L35) and reference RGS (UAF-

RG, AR-RG, WASA-RG) for independent signal data-set of year (2012(Nov)-2014) and (2015-

2017). 

4.1.3 Max, min-received powers, corrected max and min-received powers 

 

 The amplitude of this signal attenuation was verified by graphical presentation that all the links 

show signal attenuation at the same time with different fluctuation due to rainfall intensity. The 

maximum and minimum corrected received powers were calculated by comparing the reference 

signal level with the received maximum and minimum received powers for each time interval 

having15 temporal resolution. The reference signal power and then maximum and minimum 

corrected powers were calculated by the procedure explained in section 3.1.3.4. (Overeem et al., 

2011 2015, 2016).  Overeem et al.,(2011,2013, 2016), van het Schip et al., (2017), Rios Gaona et 

al., (2015) presented graphs showing the minimum and corrected minimum received power 

compared with gauge-adjusted radar having 15 min resolution but due to non-data availability of 

radar data-set with same 15 min temporal resolution, it was not possible to make such 
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comparison in this study so only attenuation due to rainfall intensity is shown in Fig.4.3 for 6 

different links (L1-L6) dated 12 May 2014.Left panel (a) presents max-recevied-power (black 

line) and min-recevied-power (blue line) for different links (L1-L6) dated12 May 2014. Right 

panel (b) present max-corrected-recived-power (black line) and min-correted-recevied-power 

(blue line) and reference signal level (red line) for link no (L1-L6) for same day dated 12 May 

2014. There are total 96 time intervals having 15 min resolution in each plot against each day (24 

hours).It is clear for fig.4.3 that all the  data links display the different weakening due to rain 

intensity but the time of falsification remains the same in all the links, which is located index 

number 66 to 70 time interval. This also proved that model is well calibrated and validated. The 

graphical representation of received max, min power and corrected max and min power dated 12 

May2016 for some other links are shown in the (Appendix II) 
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Figure 4.3: Left panel (a) presents max-recevied-power (black line) and min-recevied-power (blue line) for  different links (L1-L6) 

dated12 May 2014. Right panel (b) present max-corrected- recived-power (black line) and min-correted-recevied -power (blue line) 

and reference-signal-level (red line) for link no (L1-L6) for same day dated 12 May 2014. There are total 96 time intervals having 15 

min resolution in each plot against each day (24 hours).
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4.2 Spatial rainfall variability analysis within study area: a case study of 

Faisalabad, Pakistan 

 

4.2.1. Spatially variability with respect to distance for time period (2012(Nov)-

2014) 
 

The UAF-RG was used as a reference point to study the spatial variability of rainfall within the 

study area. The cumulative rainfall depths of UAF-RG were compared with all the selected 35 

links based rainfall depth to study the spatially variability within area of 250 km2. Overeem et al. 

(2011, 2013, and 2016), Van het Schip et al (2017), Rios Gaona et al., (2015) used a gauge-

adjusted radar data set to calibrate and validate the microwave link rainfall retrieval algorithm 

but in this study due to limited data availability of radar, daily cumulative rainfall values of 

UAF-RG were compared with the daily cumulative rainfall depth measured by signal based 

approach for all the selected links.  The L2 was very close to reference UAF-RG nearly< 200m 

distance and all the other remaining links were in the distance of 1-18km around the UAF-RG at 

different locations. Total 37numbers of days including both rainy and non-rainy days were 

selected.  

The comparisons were carried out on the basis of scatter density plots and three metrics: mean 

rainfall, coefficient of variation (CV), and coefficient of determination (R2). Figure. 4.4, 4.5, 4.6 

and 4.7 explain scatter density plots between the commutative signal based rainfall and daily 

cumulative rainfall of UAF-RG station rainfall depth (mm/day). The statistical analysis between 

observed UAF-RG and signal based rainfall was analyzed. The values of CV, R2, and the 

average commutative rainfall measured using UAF-RG, as indicated by RUAF-RG and average 

commutative rainfall depth using signal approach, indicated by RLINK, are included in the plots. 

The coefficient of variation CV and coefficient of determination for link which was close to the 

UAF-RG show significant results, but as the distance of links increases from the reference UAF-

RG, more biasness was observed.  

 

It is clear from fig.4.4 that for L1, L2, L3, L4, L5, L6, L7 and L8 as the distance increases 0.15 

km, 0 km, 1.28 km, 1.44 km, 1.66 km, 1.45 km, 0.34 km and 3.22 km from reference UAF-RG, 
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level of significance i.e. coefficient of determination deceases. For Validation data-set (2012(Nov)-

2014), the coefficient of determination for L1, L2, L3, L4, L5, L6, L7 and L8 are 0.97, 0.99, 

0.97, 0.96, 0.96, 0.95, 0.97 and 0.94 respectively. Similarly from fig.4.5  it is further verify that 

for L9, L10, L11, L12, L13, L14, L15, and  L16 as the distance increases  3.94 km, 4.04 km, 

4.45 km, 5.33 km, 5.33 km, 6.21 km, 3.39 km and 6.23 km respectively from reference UAF-

RG, level of significance i.e. coefficient of determination deceases. For Validation data-set 

(2012(Nov)-2014), the coefficient of determination for L9, L10, L11, L12, L13, L14, L15, and  

L16 are 0.93, 0.94, 0.90, 0.83, 0.83, 0.81, 0.83 and 0.79 respectively. 

 

Similarly, from fig.4.6 it is clear that for L17, L18, L19, L120, L21, L22, L24, and L25 as the 

distance increases 6.86 km, 4.13 km, 7.34 km, 8.67 km, 7.94 km, 6.21 km, 5.83 km and 9.97 km 

respectively from reference UAF-RG, level of significance i.e. coefficient of determination 

deceases. For Validation data-set (2012(Nov)-2014), the coefficient of determination for L17, L18, 

L19, L120, L21, L22, L23, and L25 are 0.78, 0.81, 0.80, 0.76, 0.69, 0.78, 0.67 and 0.62 

respectively. 

Likewise, from Fig.4.7 it is further clear that for L26, L27, L29, L30, L31, L32, L33, and L35 as 

the distance increases 9.87 km, 10.12 km, 10.13 km, 10.39 km, 12.27 km, 14.27 km, 14.33 km 

and 15.45 km respectively from reference UAF-RG, level of significance i.e. coefficient of 

determination deceases. For Validation data-set (2012(Nov)-2014), the coefficient of determination 

for L26, L27, L28, L29, L31, L33, L34, and L35 are 0.64, 0.58, 0.63, 0.57, 0.54, 0.57, 0.52 and 

0.55 respectively.  
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All the above results proved that rainfall is stochastic and erratic pattern variable, as the distance 

increases from reference, UAF-RG due to spatial variation, rainfall depth increases or decreases. 

Similarly, for all selected 35 links, distance increases from the reference-point UAF-RG, the 

spatial variability fluctuates due to spatial variation in rainfall intensity. Table 4.2 explains the 

coefficient of determination for all the selected links compared with reference UAF-RG. Similar 

stochastic behavior was explained for large area by David et al., (2004); Rajeevan et al., (2008) 

and Wouter et al., (2006). Anagnostou et al.,(1999) found up to 60% spatially variability in 

rainfall at 2 km* 2 km radar grid, Karjewaski et al.,(2003) found 20% variability within 1 km, 

while Harmsen et al.,(2008) analyzed rainfall variability between two rain gauges with at4 km*4 

km and found 18% difference value of rainfall cloud be measured at one station from average 

values of all rain gauges located within 16 km2 grid. Alike types of consequences were also 

conveyed by (Cheema and Bastiaansen, 2012) they did local calibration of satellite data for Indus 

Basin. 
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4.2: Spatial rainfall analysis in term of coefficient of determination (R2) of all the links 

compared with Reference UAF-RG(2012(Nov)-2014) 

Number Of 

Links 

Distance  (km) of link 

from Reference (UAF-

RG)  

Coefficient Of 

Determination 

(R2) 

Number Of 

Links 

Distance( 

km) of  

Reference 

(UAF-RG) 

Coefficient Of 

Determination 

(R2) 

Link 1 0.15 0.97 Link 21 7.94 0.69 

Link 2 0.0  0.99 Link 22 6.21 0.78 

Link 3 1.28 0.97 Link 24 5.83 0.69 

Link 4 1.44 0.96 Link 25 9.75 0.62 

Link 5 1.62 0.96 Link 26 9.87 0.64 

Link 6 1.45 0.95 Link 27 10.12 0.58 

Link 7 1.01 0.97 Link 29 10.28 0.63 

Link 8 3.22 0.94 Link 30 10.39 0.57 

Link 9 3.94 0.93 Link 31 11.23 0.54 

Link 10 4.04 0.94 Link 32 12.27 0.57 

Link 11 4.45 0.90 Link 33 13.28 0.52 

Link 12 5.33 0.83 Link 35 14.27 0.55 

Link 13 6.33 0.81    

Link 14 6.21 0.83    

Link 15 3.39 0.79    

Link 16 6.23 0.78    

Link 17 6.86 0.71    

Link 18 4.13 0.81    

Link19 7.34 0.80    

Link 20 8.67 0.76    
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Figure 4.4:One to one comparison between link (L1- L8) and reference UAF-RG) to study spatial rainfall variability for Validation 

data-set (2012(Nov)-2014) 
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Figure 4.5:One to one comparison between link (L8- L16) and reference UAF-RG) to study spatial rainfall variability for Validation 

data-set (2012(Nov)-2014) 
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Figure 4.6:One to one comparison between link (L17- L25) and reference UAF-RG) to study spatial rainfall variability for Validation 

data-set (2012(Nov)-2014) 
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Figure 4.7:One to one comparison between link (L26- L35) and reference UAF-RG) to study spatial rainfall variability for Validation 

data-set (2012(Nov)-2014) 
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4.2.2 Spatially variability with respect to distance for time period (2015-2017) 

 

Similarly data-set having frequency 38 GHz was used in this study for another validation data-set 

(2015-2017). The same links were cast-off to study the  rainfall variability for validation data-set  

(2015-2017) as used from validation data-set (2012(Nov)-2014). The UAF-RG was again used as a 

reference point to study the spatial variability of rainfall within the study area. The comparisons 

were carried out on the basis of scatter density plots and three metrics: mean rainfall, coefficient 

of variation (CV), and coefficient of determination (R2).Figure. 4.8,4.9,4.10 and 4.11 explain 

scatter density plots between the daily commutative signal based and daily cumulative rainfall of 

UAF-RG station rainfall depth (mm/day). The statistical analysis between observed UAF-RG 

and signal based rainfall was analyzed. It is concluded for the results that the coefficient of 

determination for links which were close to the reference UAF-RG show good significant results, 

but as the distance of links increases from the reference UAF-RG, level of significance 

decreases.  

 

It is clear from the Fig.4.8 that for L1, L2, L3, L4, L5, L6, L7 and L8 as the distance increases  

0.15 km, 0 km, 1.28 km, 1.44 km, 1.66 km, 1.45 km, 0.34 km and 3.22 km respectively from 

reference UAF-RG, level of significance i.e. coefficient of determination deceases. For 

Validation data-set (2015-2017), the coefficient of determination for L1, L2, L3, L4, L5, L6, L7 

and L8 are 0.98, 0.97, 0.96, 0.97, 0.96, 0.94, 0.97 and 0.93 respectively. Similarly from  Fig.4.9  

it is further evidence that for L9, L10, L11, L12, L13, L14, L15, and  L16 as the distance 

increases  3.94 km, 4.04 km, 4.45 km, 5.33 km, 5.33 km, 6.21 km, 3.39 km and 6.23 km 

respectively from reference UAF-RG, level of significance i.e. coefficient of determination 

deceases. For Validation data-set (2015-2017)), the coefficient of determination for L9, L10, L9, 

L10, L11, L12, L13, L14, L15, and  L16 are 0.89, 0.92, 0.85, 0.87, 0.85, 0.81, 0.80 and 0.83 

respectively. 

Similarly from  Fig.4.10  it is more clear that for L17, L18, L19, L120, L21, L22, L24, and  L25 

as the distance increases  6.86 km, 4.13 km, 7.34 km, 8.67 km, 7.94 km, 6.21 km, 5.83 km and 

9.97 km respectively from reference UAF-RG, level of significance i.e. coefficient of 

determination deceases. For Validation data-set (2015-2017), the coefficient of determination for 
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L17, L18, L19, L120, L21, L22, L23, and L25 are 0.76, 0.83, 0.74, 0.75, 0.83, 0.78, 0.67 and 

0.73 respectively.  

Likewise from  Fig.4.11  it is further clear that for L26, L27, L29, L30, L31, L32, L33, and  L35 

as the distance increases  9.87 km, 10.12 km, 10.13 km, 10.39 km, 12.27 km, 14.27 km, 14.33 

km and 15.45 km respectively from reference UAF-RG, level of significance i.e. coefficient of 

determination deceases. For Validation data-set (2015-2017), the coefficient of determination for 

L26, L27, L28, L29, L31, L33, L34, and L35 are 0.64, 0.61, 0.67, 0.64, 0.68, 0.61, 0.59 and 0.57 

respectively. Table 4.3 explains the coefficient of determination for all the selected links 

compared with reference UAF-RG. 

 

All the above results again proved that rainfall is stochastic and erratic pattern variable, as the 

distance increases from reference UAF-RG due to spatial variation, rainfall depth increases or 

decreases. Similar stochastic behavior is explained for large area by David et al., (2004); 

Rajeevan et al., (2008) and Wouter et al., (2006). Anagnostou et al.,(1999) found up to 60% 

spatially variability in rainfall at 2 km* 2 km radar grid, Karjewaski et al.,(2003) found 20% 

variability within 1 km, while Harmsen et al.,(2008) analyzed rainfall variability between two 

rain gauges with a 4 km*4 km and found 18% difference value of rainfall cloud be measured at 

one station from average values of all rain gauges located within 16 km2 grid.  

 

 

 

 

 

 

 

 

 

 



 
 

68 

Table 4.3:   Spatial rainfall analysis in term of coefficient of determination (R2) of all the 

links compared with Reference UAF-RG for (2015-2017) 

 

Number Of 

Links 

Distance  of link from 

Reference (UAF-RG)  

Coefficient Of 

Determination 

(R2) 

Number Of 

Links 

Distance 

OF  

Reference 

(UAF-RG 

Coefficient Of 

Determination 

(R2) 

Link 1 0.15 0.98 Link 21 7.94 0.83 

Link 2 0 km 0.97 Link 22 6.21 0.78 

Link 3 1.28 0.96 Link 23 5.83 0.67 

Link 4 1.44 0.97 Link 25 9.75 0.73 

Link 5 1.62 0.96 Link 26 9.87 0.64 

Link 6 1.45 0.94 Link 27 10.12 0.61 

Link 7 1.01 0.97 Link 29 10.28 0.73 

Link 8 3.22 0.93 Link 30 10.39 0.64 

Link 9 3.94 0.89 Link 31 11.23 0.68 

Link 10 4.04 0.92 Link 32 12.27 0.61 

Link 11 4.45 0.85 Link 33 13.28 0.59 

Link 12 5.33 0.87 Link 35 14.27 0.57 

Link 13 6.33 0.81    

Link 14 6.21 0.85    

Link 15 3.39 0.80    

Link 16 6.23 0.83    

Link 17 6.86 0.76    

Link 18 4.13 0.83    

Link19 7.34 0.74    

Link 20 8.67 0.78    
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Figure 4.8:One to one comparison between link (L1- L8) and reference UAF-RG) to study spatial rainfall variability for Validation 

data-set (2015-2017) 
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Figure 4.9:One to one comparison between link (L9- L16) and reference UAF-RG) to study spatial rainfall variability for Validation 

data-set (2015-2017) 
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Figure 4.102:One to one comparison between link (L17- L25) and reference UAF-RG) to study spatial rainfall variability for 

Validation data-set (2015-2017) 
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Figure 4.11:  One to one comparison between link (L26- L35) and reference UAF-RG) to study spatial rainfall variability for 

Validation data-set (2015-2017) 
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4.2.3Spatially variability with respect to space 

4.2.3.1 Spatial rainfall variability analysis on daily basis (mm/day) 
 

Interpolation technique in Arcmap helps to predicate the rainfall within study area by different 

interpolation techniques, which include IDW, inverse Kriging, IntpPathToPoint, ClimVarParam 

Overeem (2011, 2016). In this study, after estimation of rainfall from signal based approach for 

the selected links, IDW interpolation technique was used to predicate the rainfall within study 

area.  The verification of predicated rainfall was performed by selected two other rain gauges 

within study are. (Azpura et al., 2010; Feng et al., 2012) recommended IDW as a best 

interpolation technique. Rainfall maps were prepared in Arcmap 10.2.1 by IDW interpolation 

technique for 20 different number of days from years (2013-2018). Shape file of two selected 

rain gauges were prepared, which were selected within study area. The shape file of selected rain 

gauges was added on the rainfall map in Arcmap. The shape file of selected rain gauges exactly 

overlaps the rainfall map. Then with the help of cursor, predicated rainfall values against each 

pixel where the rain gauges exactly located are noted. There procedure was repeasted for 20 

different numbers of days and statistical analyses in term of mean, coefficient of variation and 

coefficient of determination R2 was performed between the observed rainfall values from rain 

gauges and pixel information from rainfall maps against each overlap rain gauge. The scatter 

density plot in Fig.4.12 summarizes the values of the mean rainfall depth (RPre, RObs), the 

coefficient of variation (of the residuals) CV, and the coefficient of determination R2 between 

observed and predicated rainfall.  

Figure 4.12 presents rainfall maps for four different days which clearly show that rainfall varies 

within area of 225 Km2. The rainfall varies between 10 to 27 mm and 6.2 to 19.4 mm for 12 

March 2013 and 0l Sep 2013 respectively for top (left and right) panel, whereas rainfall recorded 

by UAF-RG on 12 March 2013 and 0l Sep 2013 was19mm and 40mm respectively. Similarly the 

rainfall varies between 0.0 to 0.9 mm and 0.0 to 9.98 mm for 14 April 2014 and 12 August 2015 

respectively for bottom left and right panel, whereas rainfall recorded by UAF-RG on 14 April 

2014 and 12 August 2015 was 5 mm and 3 mm respectively.  
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Another spatial rainfall variability analysis is presented in fig. 4.13 that shows rainfall maps for 

four different days. The rainfall varies between 7 to 21 mm and 1.35 to 12.9 mm for 22 June 

2015 and 03 Nov 2015 respectively for top left and right panel, whereas rainfall recorded by 

UAF-RG on 22 June 2015 and 03 Nov 2015 was 17 mm and 7 mm respectively. Similarly the 

rainfall varies between 15 to 72 mm and 2.10 to 12 mm for 05 July 2018 and 07 April 2016 

respectively for bottom left and right panel, whereas rainfall recorded by UAF-RG on 05 July 

2018 and 07 April 2016 was 81 mm and 7 mm respectively.  So one point based value is not a 

presentation of whole study area because rainfall varies even within a distance of 1-3 km. 
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Figure 4.12: Interpolation of signal based cumulative rainfall depths to study variability for 

different links on 12 March 2013 and 01 sep 2013 top (left and right panel). Interploation of 

signal based cumulative rainfall depths for all links on 14 April 2014 and 12 August 2015 bottom 

(left and right plot).(Black T-Shape present towers location and red circle two rain gauges) 
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Figure 4.13: Interpolation of signal based cumulative rainfall depths to study variability for different 

links on 22 June 2015 and 03 Nov 2015 top (left and right panel). Interploation of signal based 

cumulative rainfall depths for all links on 05 July 2018 and 07 April 2016 bottom (left and right plot). 

(Black T-Shape present towers location and red circle two rain gauges) 
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Figure 4.14: One to one comparison between spatial rainfall predicated at links obtained after 

interpolation and observed rainfall at two RGSs for 20 different rainy days. 

4.2.3.2 Spatial-temporal rainfall analysis on 15 min time step 
 

In this section, again after estimation of rainfall from signal based approach for the selected 

links, IDW interpolation technique was used to predicate the rainfall within study area and IDW 

is basically inverse distance weighted interpolation technique. In this section 15 min temporal 

rainfall maps are presented that show how rainfall pattern varies over 15 min temporal resolution 

within study area. 

Figure 4.15 present rainfall maps for 24 May 2015 for different 15 min time intervals which 

clearly show that rainfall varies within area of 225 Km2 for different time interval. The rainfall 

duration of this day was almost one hour that started at 09:00 AM and ended at 10:15 AM. The 

rainfall varies between 0.0 to 9.92 mm, 0.0 to 9.97 mm, 0.0 to 33 mm and 0.0 to 55.93 for top 

(first, second, third and fourth) plots, similarly rainfall varies between 0.0 to 22.53 mm, 0.0 to 

8.9 bottom (first and second plots) and total rainfall for a day varies between 0.0 to 88.4 in 

bottom (third plots), whereas rainfall recorded by UAF-RG on 24 May 2015 was 40mm 

respectively.  
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Another analysis is shown in Fig 4.16 (a) and Fig4.16 (b) which presents rainfall maps for 16 

July 2016 for different time intervals which clearly show that rainfall varies within area of 225 

Km2 for different time interval. The rainfall duration of this day was more than two hours that 

started at 04:30 AM and ended at 06:45 AM. Figure 4.16 (a) shows that rainfall varies between 

0.0 to 12.0 mm, 2.2 to 16.0 mm and 0.0 to 13.99mm for top (first, second and third plots), 

whereas rainfall varies between 1.5 to 18.1 mm, 3 to 21 mm and 1.7 to 18mm for bottom (first, 

second and third plots).  

Figure 4.16 (b) shows that rainfall varies between 0.0 to 12 mm, 0.0 to 5  mm and  0.0 to 3.0 mm  

for top (first, second and third  plots ), where  rainfall varies between 7.7  to 0.0  for bottom  (left 

plots)  and total rainfall for a day varies between 24 to 90.34  in bottom (right plots), whereas 

rain verified by uaf rain gauge  was 65 mm. 

It is evident from this study that  point based value is not a presentation of whole study area 

because rainfall varies even within a distance of 1-3 km. Spatial variability within 1-5 km is 

confirmed by this studies.  
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Figure 4.15: Spatial-temporal signal based daily cumulative rainfall map 24 May 2015 .(Black T-Shape present towers location and 

red circle two rain gauges) 
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Figure 4.16 (a): Spatial-temporal signal based daily cumulative rainfall map 16  July 2016 .(Black T-Shape present towers location and 

red circle two rain gauges) 
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Figure 4.16 (b): Spatial-temporal signal based daily cumulative rainfall map 16  July 2016 .(Black T-Shape present towers location and 

red circle two rain gauges)
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4.2.4 Percentage spatial error analysis 
 

 There are limited number of rain gauge networks operating in Indus basin irrigation system 

(IBIS), which is the largest irrigation system in the world, similarly rainfall estimated by satellite 

is also of low spatio-temporal resolution, so it is declared as data limited basin (Cheema 2012). 

Even the instruments which are installed on the existing meteorological stations in Pakistan are 

outdated and of low spatio-temporal resolution, so these low resolution data is used to estimated 

rainfall in basins and catchments, which is not the true presentation of the reality because rainfall 

is stochastic variable and its varies within radius of 1-2 km. Keeping in view of all these factors, 

rainfall was estimated using signal based approach and by considering UAF-RG as reference 

point, percentage spatial error analysis was calculated within study area according to the 

procedure explained in section 3.1.7. 

Figure 4.18 left (top and bottom) plots present percentage spatial error of different links against 

number of rainy days from reference point UAR-RG. For two different validation data-set from 

year (2012(Nov)-2014) and (2015-2017), the percentage spatial error for links number L2, L7, L8, 

L22, L24, and L29 varies between 20%-70% for different number of rainy days. It is clear from 

Fig.4.18 left (top and bottom) plots that the percentage spatial error varies as the distance 

changes. 
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Figure 4.17: Left (top and bottom) plots present validation of percentage spatial variability 

analysis of two different time period for different links against number of rainy days. Right (top 

and bottom) plots present validation of percentage average spatial variability of all links from 

reference UAF-RG. 
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4.3 Soil and water analysis of experimental site for onion and peas crop 

4.3.1 Soil physical characteristics 
 

All soil physical properties were investigated at three different depths (0-15, 15-30 and 30-45 

cm) with 10different locations within the study area. Values of all the soil properties are very 

important for real time irrigation scheduling. The detailed explanation is given below 

 

4.3.1.1 Soil textural analysis 
 

 The observed values lies between the range 62.21-66.33, 22.12-19.22, 15.21-16.45 respectively 

for different depths. The detailed observed results are presented in table 4.4.  

 

 

 

4.6.1.2 Soil bulk density 
 

 In the present study, soil samples at three different depths (0-15, 15-30 and 30-45 cm) with 

different location were collected and analyzed, using ASAE Standard S269.4 and results are 

presented  (Table 4.5).  
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4.3.1.3 Field capacity 

 

Soil water holding capacity or field capacity is an important parameter that influenced by many 

factors within the soil profile like soil texture, soil water content, type of clay, organic matter  

and evapotranspiration (Kirkham 2005). Soil water holding capacity was measured using 

pressure membrane apparatus in the laboratory of Soil Science Department. The pressure of 1/3 

bar was applied to the soil sample to measured field capacity.  Table 4.6 shows the observed soil 

moisture content that varies between 20.16%- 20.88% for different soil samples collected at 

different location of the experimental site ( Rawls et al., 1982; Jabro et al., 2009) 
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4.3.1.4 Permanent wilting point 
 

In the present study, soil samples at three different depths (0-15, 15-30 and 30-45 cm) with 

different location were collected and estimated permanent wilting point by using pressure 

membrane apparatus. Table 4.7 shows the observed soil moisture content at permanent wilting 

point that varies between 8.3% - 8.4% for different soil samples collected at different location of 

the experimental site ( Rawls et al., 1982 and Jabro et al., 2009.  

 

 

 

4.3.2.1 Chemical analysis of water 
 

 Chemical properties are presented in table 4.8.   

 

Table 4.8: Chemical analysis of irrigation water 

Parameter 

Canal water Ground water 

R1 R2 R3 Average R1 R2 R3 Average 

pH 7.2 7.12 7.22 7.18 7.65 7.88 7.34 7.6 

EC(ds/m) 1.14 1.15 1.11 1.13 1.54 1.47 1.43 1.48 

SAR(meq/L) 3.7 3.6 3.7 3.67 4.1 4.3 3.9 4.1 

RSC(meq/L) 1.67 1.66 1.62 1.65 1.63 1.67 1.66 1.65 
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4.3.2.2 Chemical analysis of soil 
 

Chemical properties are presented in table 4.9  

 

Note: All the above presented, soil and water analysis results explained in section 4.3.1 and 

4.3.3 were used for all the experiments conducted in the research work. 

 

4.4 Response of onion yield to different irrigation levels and drip lateral 

depths under drip irrigation 

4.4.1 Efficiency of drip irrigation system 

4.4.1.1 Operating pressure and dipper discharge 
 

The SSDI system installed for the experiment operated at 1 bar pressure for all the treatments for 

two growing season’s i.e 2015-16 and 2016-17. The performance of the system was tested for 

two years is considered good as CV for 2015-16 and 2016-17 was estimated at 0.052 and 0.058, 

respectively. Bargel et al., (1996) also reported that CV value between 0.05-0.066indicated 

efficient performance of the drip irrigation system.  Similarly DU and SU were more than 90%, 

during the two growing seasons and marked as efficient as suggested by Bralts et al.,(1981). 

Pitts(1997) reported that the drip system with distribution uniformity (DU) and (SU) statistical 

uniformity greater than 90% and 91% respectively indicated an efficient performance of the 

installed drip system. Operating pressures was tested to check the performance of the system, 1.0 

bar was finally selected on the basis of less cavity formation in subsurface irrigation system, as 

more cavities were observed for operating pressure of 2 bars, while dripper discharge was 

adjusted as  4 l h-1. The findings are presented in table 4.10.   
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Table: 4.10 CV and statistical uniformity coefficient of drip irrigation system. 

Year CV 
Statistical uniformity coefficient (%) 

DU SU 

2016-2016 0.052 91.91 92.34 

2016-2017 0.058 90.46 91.58 

 

4.4.1.2 Evaporation losses 
 

The evaporative losses were measured for all the five treatments. It depicts that the evaporation 

loss decreases with increase in depth of drip lateral. It was observed that average evaporation 

loss for  experimental trails T0, T1, T2, T3 and T4 are 14.8, 9.22, 6.33, 4.56 and 

2.45%,respectively. Similar results were also reported by Meshkat et al. (2000),Philip(1991a, 

b),and Patel and Rajput (2008). The depth wise evaporative loss %age is provided in fig.4.18 for 

growing season in year 2015-16 and 2016-17.  

 

Figure 4.18:Percentage evaporation loss at different depths of drip laterals. 
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4.4.2 Tower based climatic data 
 

To improve irrigation water used efficiency, high spatio-temporal resolution climatic data 

availability is very important and this information should be the real representation of the 

farmer’s field and surrounding to perform real time irrigation scheduling. In this research, some 

sensors were installed on the tower, which was selected near the experimental site (WMRC-

UAF) and the climatic information was received on 30-min resolution through software named 

Logger-Net 4.4.2, which was installed in the laptop and named this cellular tower as weather 

tower throughout the thesis. The climatic data from this weather tower includes temperature, 

relative humidity, sunshine hours, wind direction and wind speed, and same tower was used for 

rainfall estimation using microwave signal and all this metrological data was used to performed 

real time irrigation scheduling for onion and peas crop. All this information is very important for 

exact crop water requirement under local condition. Reference evaportranspiration was also 

estimated from Pan Evaporation method (Class A pan) for cross checking of ETo calculated 

from weather tower based data. The calibration curve was established between Pan Evaporation 

based ETo and Tower climatic data based ETo. After installation of sensors on the tower, 30 

days climatic data was used to develop a calibration curve between the Pan Evaporation based 

ETo and weather tower based ETo method. Figure 4.19 shows the calibrated curve of ETO along 

with the regression equation. 
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Figure 4.19: Calibration curve between Class A pan Evaporation method based ETo and tower 

sensors based ETo. 

4.4.2.1 Signal based rainfall 
 

During 4 months crop period, rainfall was calculated using microwave signal from cellular 

communication tower which was selected close to WMRC-UAF (Water Management Research 

Center-University of Agriculture Faisalabad). There was total 15 and 11 rainfall events took 

place during two different growth periods, 2015-2016 and 2016-2017 respectively. The 

maximum rainfall estimated was 113.2 mm in year 2015-2016, whereas for year 2016-2017, it 

was found 73.4 mm. In this research total rainfall is considered as an effective rainfall. Figure 

4.20 presents rainfall pattern during the two growing seasons.    
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Figure 4.20:  Signal based rainfall estimated from cellular tower for onion 

 

 

4.4.2.2 Crop water requirement 
 

For estimation of CWR, first reference evapotranspiration was calculated.In this research, ETo 

was calculated for climatic data as explained in section 3.2.7. Figure 4.21 shows the ETo for the 

entire growing season.  After calculation of ETo, when ETo was multiply with crop coefficient, 

exact crop water requirement was estimated. Growing period of onion crop was 155 days and it 

was further divided into four growth stages namely initial: 15 days, development: 35 days, bulb 

formation: 70 days and bulb maturity: 35 days and crop coefficient  for each growing stages for 

onion is 0.7, 0.9, 1.05 and 0.75 at initial, development, bulb formation and bulb maturity stage 

(Allen et al., 1998). From initial stage to final stage, the crop water requirement varies from 0.1 

to 6.6 and 0.1 to 6.11 mm day-1 for year 2015-2016 and 2016-2017 respectively. To apply exact 

amount of water required to each treatment, control valves system was used. The irrigation water 

was applied daily based on ETo calculated from weather tower. The total crop water requirement 

for different treatments varies between 38 cm to 22 cm for two growing seasons respectively. 

Crop water requirement at different growth stages during two growing season for onion is shown 

in Fig 4.22.  
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Figure 4.21:  Reference evapotranspiration for entire growth period for onion 

 

 

 

Figure 4.22:  Crop water requirement during the entire growth period for onion 
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4.4.3 Parameters studied 
 

 4.4.3.1 Plant height (cm) 
 

Highly significant data pertaining to plant height was observed for different treatments under 

different depths of drip lateral) displayed (table 4.11). The analysis of variance (ANOVA) 

concluded that there is significant interaction as shown in table 1 (Appendix I). 

There is non-significance interaction is observed between two years data. The results show that 

mean values of plant height for both the years i.e. (2015-2017 and 2016-2017), were 47.72 cm 

and 47.93 cm respectively. The plant height was found significantly higher under T2(12 cm depth 

of drip lateral) as53.92 cm and minimum plant height was observed under treatmentT4(24 cm 

depth of drip lateral) as35.852 cm. The mean values of different treatments indicated that there is 

significant difference under different depth of drip laterals.  The treatment T2 (12 cm depth of 

drip lateral) was found best with 53.92 cm, followed by the treatment T1(6 cm depth of drip 

laterals) and To (0 cm  surface drip)  with 52.05 cm and  49.59  cm, whereas the lowest plant 

height was observed under treatmentsT3(18 cm  depth of drip  laterals) and T4(24  cm  depth of 

drip  laterals) with 45.083 and 35.852 respectively. Similarly significantly higher plant height 

was observed under100% irrigation level as 49.43 cm and lower plants height was observed 

under60% irrigation level as 44.73 cm. Similar finding have been also presented by Kadayifci et 

al., (2005), Patel and  Rajput 2008.Jiahua et al.,(2013) also studied that effect of deficit irrigation 

on  onion and concluded that height  of plant was  exaggerated by different application of water 

because onion crop is sensitive to different growth stages of crop.  Influence of different depth of 

drip laterals under irrigation strategies on height of plant  (cm) for years i.e. (2015-2016, 2016-

2017) is also presented in fig 4.23 
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Table 4.11: Influence of different depth of drip laterals under irrigation strategies on height of 

plant (cm) 

Treatments 

(Depth of drip 

laterals) 

Irrigation Levels 

100% 80% 60% Mean 

To 50.77±0.02b-e 49.74±0.58b-e 48.25±2.27de 49.59±0.77B 

T1 53.34±0.37abc 52.02±0.72bcd 50.79±0.19b-e 52.05±0.44A 

T2 57.15±1.07a 53.75±0.34ab 50.87±0.26b-e 53.92±0.97A 

T3 49.05±0.27cde 46.33±0.23e 39.87±1.49f 45.08±1.43C 

T4 36.85±1.43fg 36.83±0.17fg 33.88±0.03g 35.85±0.65D 

Mean 49.43±1.86A 47.73±1.61B 44.73±1.86C   
*To= o cm (surface drip irrigation), T1= 6 cm (depth of drip lateral below soil surface), T2= 12 cm (depth of drip lateral below soil 

surface), T3= 18 cm (depth of drip lateral below soil surface), T4= 24 cm (depth of drip lateral soil surface) 

 

 
Figure 4.23:  Influence of different depth of drip laterals under irrigation strategies on height of 

plant (cm) for years i.e. (2015-2016, 2016-2017) is also presented in fig 4.23 
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4.4.3.2 Leaf length (cm) 
 

Highly significant data pertaining to leaf area was observed for different treatments under 

different depths of drip lateral) displayed (table 4.12). The analysis of variance (ANOVA) 

concluded that there is significant interaction as shown in table 1 (Appendix I). 

 

There is non-significance interaction is observed between two years data. The results show that 

mean values of leaf length for both the years i.e. (2015-2017 and 2016-2017), were 41.794 cm 

and 41.289 cm respectively. The significantly higher leaf length was found under T2(12 cm depth 

of drip lateral) as 48.083 cm and minimum leaf length was observed under treatment T4(24 cm 

depth of drip lateral) as 30.45 cm. The mean values of different treatments indicated that T2 (12 

cm depth of drip lateral) was found significantly higher as 48.08 cm, followed by the treatment 

T1(12 cm), as 46.47 cm, To (0 cm ) as 43.24 cm. The lowest leaf length was observed under 

treatments T3 and T4  with 39.45 and 30.45 cm respectively. The leaf length was observed 

significantly higher under100% irrigation level with 46.08 cm and lower leaf length was 

observed under 60% irrigation levels with 36.70 value respectively. The vegetative growth of 

crop affected by increasing the water stress (Kadayifciet al., (2005); Patel and Rajput (2008); 

Aurora et al., 2005). Influence of different depth of drip laterals under irrigation strategies on 

leaf area for years i.e. (2015-2016, 2016-2017) is also presented in fig 4.24 
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Table 4.12: Influence of different depth of drip laterals under irrigation strategies on leaf area 

(cm) 

Treatments 

(Depth of drip 

laterals) 

Irrigation Levels 

100% 80% 60% Mean 

To 
48.80±0.40abc 43.22±0.47de 37.71±0.40f 43.24±1.61C 

T1 
49.78±0.37ab 48.24±0.01bc 41.38±0.75e 46.47±1.31B 

T2 
50.71±0.26a 49.78±0.27ab 43.76±0.24d 48.08±1.10A 

T3 
46.77±1.01c 37.25±0.30f 34.32±0.16g 39.45±1.90D 

T4 
34.36±0.19g 30.72±0.14h 26.34±0.22i 30.47±1.16E 

Mean 
46.08±1.62A 41.84±1.89B 36.70±1.64C 

 
*To= o cm (surface drip irrigation), T1= 6 cm (depth of drip lateral below soil surface), T2= 12 cm (depth of drip lateral below soil 

surface), T3= 18 cm (depth of drip lateral below soil surface), T4= 24 cm (depth of drip lateral soil surface) 

 

Figure 4.24 Influence of different depth of drip laterals under irrigation strategies on leaf area for 

years i.e. (2015-2016, 2016-2017) is also presented in fig 4.24 
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 4.4.3.3 Bulb weight (grams) 
 

There is non-significance interaction is observed between two years data. The results show that 

mean values of bulb weight for both the years i.e. (2015-2017 and 2016-2017), were 51.272 g 

and 51.886 g respectively. The significantly higher bulb weight was found under treatment T2  

54.29 g and min bulb weight was experiential under  treatment  T3  and T4   as 48.06 and 47.47 g 

. The mean values of different treatments indicated that T2 (12 cm) was found best as 54.29 g, 

followed by the treatment T1(6 cm), as 52.24 g, To(0 cm  surface drip) as50.78 g, whereas the 

lowest bulb weight was observed for treatment T3(18 cm) and T4(24 cm) as 48.06 and 

47.47respectively.The bulb weight was observed significantly higher under100% irrigation level 

as53.56 g and lower bulb weight  was observed for 60% irrigation levels as 47.21 value 

respectively Satyendra et al., (2007): Jianhua  et al., (2013) and Juan et al., (2008) concluded 

that bulb diameter and bulb weight significantly affected by applying deficit irrigation. Influence 

of different depth of drip laterals under irrigation strategies on weight for years i.e. (2015-2016, 

2016-2017) is also presented in fig 4.25 
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   Table4.13 Influence of different depth of drip laterals under irrigation strategies on weight for 

years (grams) 

Treatments 

(Depth of drip 

laterals) 

Irrigation Levels 

100% 80% 60% Mean 

To 
54.50±1.17abc 51.08±0.49b-f 46.76±0.69def 50.78±1.20BC 

T1 
56.93±2.84ab 52.05±1.86b-e 47.74±1.35def 52.24±1.70B 

T2 
59.73±1.38a 53.03±1.02bcd 50.10±0.11c-f 54.29±1.51A 

T3 
48.92±1.61c-f 48.65±0.28c-f 46.62±0.92ef 48.06±0.65CD 

T4 
47.73±0.16def 49.83±0.09c-f 44.85±0.07f 47.47±0.72D 

Mean 
53.56±1.38A 50.93±0.56B 47.21±0.55C 

 
*To= o cm (surface drip irrigation), T1= 6 cm (depth of drip lateral below soil surface), T2= 12 cm (depth of drip lateral below soil 

surface), T3= 18 cm (depth of drip lateral below soil surface), T4= 24 cm (depth of drip lateral soil surface) 

 

Figure 4.25:  Influence of different depth of drip laterals under irrigation strategies on weight for 

years i.e. (2015-2016, 2016-2017) 
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4.4.3.4 Yield (ton/ha) and IWUE (ton ha-1 cm-1) 
 

Highly significant data pertaining to yield was observed for different treatments under different 

depths of drip lateral) displayed (table 4.14). The analysis of variance (ANOVA) concluded that 

there is significant interaction as shown in table 4 (Appendix I). 

 

The mean value of yield for year 2015-2016 was 12. 01t ha-1, as compared to year 2016-2017 as 

found 11.86t ha-1. The significantly higher yield was found under treatment T2(12 cm depth of 

drip laterals) as13.99t ha-1 and minimum onion yield was observed under treatment T4(24 cm 

depth of drip laterals) as 9.02t ha-1. It was observed that the onion yield varies for different 

treatments under different irrigation levels i.e. (100%, 80%, 60%). The observed overall onion 

yield for treatments T0, T1, T2, T3 and T4was12.85 to 10.61, 14.10 to 11.41, 15.86 to 11.42, 12.47 

to 8.55 t ha-1 and 9.92 to 7.28 t ha-1respectively. Similarly comparison of the treatments show 

that maximum yield was found under T2(12 cm depth of drip lateral) as 13.99 t ha-1, followed by 

T1(6 cm depth of drip lateral) and To (0 cm surface drip) as 12.82 t ha-1and 11.79 t ha-1 

respectively, lower yield was found under T4 as 9.02 (t ha-1). Alike finding has been  presented 

by Kadayifci et al., (2005), Patel and Rajput 2008.The different irrigation level 100%, 80% and 

60%  influence  the yield ( Table 4.14). It was observed that as compared to treatment To, 20% 

water was saved under treatment 0.80Towith onion yield decreased about 7%, but for 

0.60Toamount of water saved was 40% with yield decreased about 16%. Similarly, it was 

observed that as compared to treatment T1, 20% water was saved under treatment 0.80T1with 

onion yield decreased about 8 %, but for 0.60T1amount of water saved was 40% with yield 

decreased about 19%.  

Further for treatmentT2, 20% water was saved under treatment 0.80T2with onion yield decreased 

about 8%, but for 0.60T2amount of water saved was 40% with yield decreased about 25%. 

Further for treatment T3, as compared to treatment T3, 20% water was saved in treatment 

0.80T3with onion yield decreased about 19%, but for 0.60T3amount of water saved is 40% with 

yield decreased about 31%. Similarly, for treatment T4, as compared to treatment T4, 20% water 

was saved under treatment 0.80T4with onion yield decreased about 3%, but for 0.60T4amount of 

water saved was 40% with yield decreased about 25%. Further Sermet et al., 2004; Bao et al., 

2003; Neelam et al., (2006); Satyendra et al., (2007); Menment et al.,  concluded that water 

stress level have significant effect on the yield. Effect of different depth of drip laterals under 
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different irrigation levels on yield (tons/ha) for both the years i.e. (2015-2016 and 2016-2017) 

are presented in fig 4.26  

Application of 40% less amount of water as per crop water requirement decreased the yield for 

different treatments. These finding concluded that onion plant is very sensitive at different 

growth stages of crop.  Onion crop yield behave linearly relationship with the application of 

water. Similar finding has been also presented by (Bandyo-padhyay et al., 2003; Kadayifci et al., 

(2005):  Patel and Rajput 2008).  It was also observed that yield obtained in subsurface drip 

irrigation was significantly higher than the surface irrigation method Neelam et al., (2006);  

Satyendra et al., (2007); Samkellarow et al., (2003). For deficit irrigation up to 40%, decreased 

the onion yield because soil moisture by placing the drip lateral at 24 cm decreased that lateral 

movement of water away 30 cm, so outer plant row not received water up to field capacity. The 

treatment T2(12 cm drip depth) observed best yield result due to proper lateral water movement 

and less evaporation. The lateral depth at 10-12 cm depth is consider best and is suggested by 

Camp et al., 2000; Neelam et al., (2006, 2008) and Singh et al., (2005).  

Table 4.15 present the influence of different irrigation strategies on iwue (t ha-1 cm-1). Drip 

lateral placed at 12 cm depth with 40% deficit irrigation estimated maximum irrigation water 

used efficiency of 0.52 and 0.49 (t ha-1 cm-1) for growing season 2015-2016 and 2016-2017 

respectively.  Total depth of irrigation water was 325 mm, 270 mm and 225 mm for 100%, 80% 

and 60% irrigation level under different depth of drip laterals was utilized.  Similar finding has 

been also presented by Kadayifci et al., (2005), Patel and Rajput 2008 for onion crop under 

subsurface drip irrigation. Similarly, overall IWUE for different depth of drip lateral for 

treatments T0, T1, T2, T3 and T4was0.55, 0.48, 0.46, 0.37 and 0.35(t ha-1 cm-1) respectively as 

clearly shown in table 4.15. Similarly, for different irrigation level maximum IWUE was 

observed for 60% irrigation level as 0.47 and minimum IWUE was observed for 100% irrigation 

level. Effect of different depth of drip laterals under different irrigation levels on irrigation water 

use efficiency (ton ha-1 cm-1) for both the years i.e. (2015-2016 and 2016-2017) is presented infig 

4.27.It is concluded that in water constrict condition 20% water deficit is consider is best for 

higher crop yield and improve irrigation water use efficiency Satyendra et al., (2007); 

Satyenendra et al., (2007); Mehment et al., (2004); Kashyap et al., (2002); Satyendraet al, 

(2006); Juan et al.,(2015); Aurora et al, (2005); Dagdelen et al., (2008) and Ana et al., (2005). 
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Table 4.1 Influence of different irrigation strategies and depth of drip laterals on yield (ton/ha) 

Treatments 

(Depth of drip 

laterals) 

Irrigation Levels 

100% 80% 60% Mean 

To 12.85±0.00bcd 11.89±0.53de 10.62±0.11efg 11.79±0.36C 

T1 14.11±0.06bc 12.95±0.54bcd 11.41±0.49d-g 12.82±0.44B 

T2 15.87±0.12a 14.53±0.83ab 11.58±0.14def 13.99±0.68A 

T3 12.47±0.10cd 10.05±0.13fgh 8.52±0.08hi 10.35±0.58D 

T4 9.92±0.03fgh 9.82±0.02gh 7.33±0.27i 9.02±0.43E 

Mean 13.04±0.52A 11.85±0.51B 9.89±0.46C 
 

*To= o cm (surface drip irrigation), T1= 6 cm (depth of drip lateral below soil surface), T2= 12 cm (depth of drip lateral below soil 

surface), T3= 18 cm (depth of drip lateral below soil surface), T4= 24 cm (depth of drip lateral soil surface) 

 

 

Figure 4.26:  Influence of different depth of drip laterals under different irrigation  strategies    on 

yield (tons/ha) for years i.e. (2015-2016  & 2016-2017) 
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Table 4.15: the influence of different irrigation strategies on iwue (t ha-1 cm-1). 

Treatments 

(Depth of drip 

laterals) 

Irrigation Levels 

100% 80% 60% Mean 

To 
0.425±0.013 0.443±0.018 0.525±0.015 0.464±0.017B 

T1 
0.443±0.019 0.497±0.007 0.513±0.009 0.484±0.012B 

T2 
0.507±0.012 0.582±0.015 0.595±0.031 0.561±0.017A 

T3 
0.380±0.021 0.358±0.017 0.380±0.040 0.373±0.014C 

T4 
0.318±0.012 0.347±0.007 0.363±0.033 0.343±0.012C 

Mean 
0.415±0.018C 0.445±0.024B 0.475±0.026A 

 
*To= o cm (surface drip irrigation), T1= 6 cm (depth of drip lateral below soil surface), T2= 12 cm (depth of drip lateral below soil 

surface),T3= 18 cm (depth of drip lateral below soil surface), T4= 24 cm (depth of drip lateral soil surface) 

 

 

 

Figure 4.27:  Influence of different depth of drip laterals under different irrigation  strategies  on 

iwue (ton ha-1 cm-1) for  years i.e. (2015-2016 & 2016-2017) 
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4.5 Response of peas yield to different irrigation methods under 

different irrigation levels 
  

4.5.1 Efficiency  

 

For calculation of efficiency, same drip and other materials was used, as used for onion crop and 

the field of Peas crop was adjacent to the onion crop.  Therefore, different drip irrigation system 

parameters, which include operating pressure and dipper discharge, remained the same as for the 

onion crop (Sec section 4.4.1).  

4.5.2 Tower based climatic data 

 

For description see section 4.4.2. 
 

4.5.2.1 Signal based rainfall 
 

During 3 months’ crop period, rainfall was calculated using microwave signal from cellular 

communication tower selected close to WMRC-UAF. Total 05 and 07 rainfall events took place 

during two different growth periods, 2015-2016 and 2016-2017 respectively. The maximum 

rainfall estimated was 40.5 mm in year 2015-2016, whereas for year 2016-2017, it was 36.1mm. 

In this research total rainfall was considered as an effective rainfall. Figure 4.28 presents total 

rainfall pattern during the two growing seasons for peas.    
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Figure 4.28:  Signal based rainfall estimated from cellular tower for peas. 

 

4.5.2.3 Crop water requirement 
 

For calculation of the CWR, first reference evapotranspiration was estimated. In this research, 

ETo was calculated from climatic data. Figure 4.29 shows the ETo for the entire growing season. 

After calculation of reference evaprotranspiration (ETo), when this reference evaprotranspiration 

(ETo) was multiply with crop coefficient for different crop stages, exact crop water requirement 

was estimated. Growing period of peas crop was 90 days and from initial stage to final stage, the 

crop water requirement varies from 0.5 to 2.5 and 1.1 to 2.8 mm day-1 for year 2015-2016 and 

2016-2017 respectively. To apply exact amount of water required for each treatment, control 

valves system was used. The total crop water requirement for different treatments varies between 

14 cm to 28 cm for two growing seasons respectively. Crop water requirement for entire growth 

period during two growing seasons is shown in Fig 4.30. 
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Figure 4.29:  Reference evapotranspiration for entire growth period for peas. 

 

 

 

Figure 4.30: Crop water requirement during the entire growth period for peas 
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4.5.3 Parameters studied 
 

4.5.3.1 Pod length 
 

Highly significant data pertaining to pod length was observed for different treatments under 

different depths of drip lateral) ( table 4.16). The analysis of variance (ANOVA) concluded that 

there is significant interaction as shown in table 5(Appendix I). 

The results show that mean values of pod length for both the year 2015-2017 and 2016-2017, 

were 5.75 and 5.69 respectively. The pod length was found significantly higher under treatment 

T2(12 cm depth of drip lateral) as 6.12 cm and minimum pod was observed under treatment To as 

4.81 cm. The mean values of different treatments indicated that T2(12 cm sub-surface drip 

lateral) was found best with 6.12 cm, followed by the treatment T1(surface drip irrigation) with 

5.71 cm, whereas T0 (Ridge-furrow) observed lowest number of pod length as 4.81cm. Similarly 

for different irrigation levels, the mean values of different treatments indicated that 100% 

irrigation level with 6.06 cm pod length, 80% level with 5.57 cm, whereas 60% irrigation level 

observed lowest number of pod length as 5.00 cm.. Similarly findings are also suggested by 

Singh et al.,(2007); Bhattarai et al., 2008) that subsurface drip irrigation is better than the surface 

drip and conventional methods due to less evaporation losses. There is more proper soil water 

movement in sub-surface drips that drip irrigation (Neelam et al, 2006, 2008).  Influence of 

different depth of drip laterals under different irrigation strategies on pod length cm for  years i.e. 

(2015-2016 & 2016-2017) (fig 4.31). 

 

Table 4.16: influence of different irrigation levels and irrigation strategies on pod length (cm) 

 

Treatments 

Irrigation level Mean 

100% 80% 60% 

T1 6.06±0.078 5.90±0.175 5.16±0.054 5.71±0.150B 

T2 6.71±0.188 6.15±0.332 5.52±0.088 6.12±0.205A 

T0 5.43±0.189 4.67±0.066 4.32±0.079 4.81±0.175C 

Mean 6.06±0.201A 5.57±0.253B 5.00±0.182C   

*T1= o cm (surface drip irrigation), T2= 12 cm (depth of drip lateral below soil surface), To= conventional Ridge-furrow irrigation 
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* 

 

Figure 4.31: ).  Influence of different depth of drip laterals under different irrigation  strategies  

on pod length  cm for  years i.e. (2015-2016 & 2016-2017) 
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4.5.3.2 Number of seed per pod 
 

Highly significant data pertaining to no of seed per pod was observed for different treatments 

under different depths of drip lateral)  table 4.17. The analysis of variance (ANOVA) concluded 

that there is significant interaction as shown in table 6 (Appendix I). 

The results show that mean values of no of seed per pod for both the year 2015-2017 and 2016-

2018, were 6.7 and 6.5 respectively. The comparison of the treatments shows that significantly 

higher number of seed per pod was observed under T2 (12 cm depth of drip lateral) as 7.94 and 

min under To (Ridge-furrow) as 4.78.  Per application of moisture selection according to the 

moisture sensitive stages are very important for higher peas yield (Knott, 1987; Salter (1962, 

1963a, b). Similarly, for different irrigation levels, the mean values of different treatments 

indicated that 100% irrigation level was found best with 7.39 no of seed per pod, followed by the 

80% irrigation level as 6.72 no of seed per pod, whereas 60% irrigation level observed lowest 

value as 5.17 no of seed per pod. There was proper moisture movement under subsurface drip 

irrigation with 100% irrigation level that yields higher results. Min  was observed with 60%  

because the moisture stress during the early growth stages reduce the vegetative growth of the 

crop that yield low  (Brevedan and Egli, 2003).  Verira et al., (1991, 1992), Dornbos et al., 

(1989) and Heatherly et al., (1993) also concluded that water stress reduces the proper 

development of wetting pattern around the zone of  crop that ultimately cause reduction in final 

crop yield due to less vegetative crop. Influence of different depth of drip laterals under different 

irrigation strategies on no of seed per pod for  years i.e. (2015-2016 & 2016-2017) (fig 4.32). 
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Table4.17: influence of different irrigation levels and irrigation statigies  on no of seed per pod 

Treatments 

Irrigation level Mean 

100% 80% 60% 

T1 
7.33±0.25bc 6.67±0.35cd 5.67±0.31de 6.56±0.29B 

T2 
10.00±0.10a 8.17±0.12b 5.67±0.27de 7.94±0.63A 

T0 
4.83±0.24ef 5.33±0.21e 4.17±0.02f 4.78±0.19C 

Mean 
7.39±0.75A 6.72±0.43B 5.17±0.28C 

 

*T1= o cm (surface drip irrigation), T2= 12 cm (depth of drip lateral below soil surface), To= conventional Ridge-furrow irrigation 

 

Figure 4.32: . Influence of different depth of drip laterals under different irrigation strategies on 

no of seed per pod for  years i.e. (2015-2016 & 2016-2017). 
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4.5.3.3 Leaf area (cm2) 

 

The outcomes show  mean values of leaf area for both the year 2015-2017 and 2016-2018, were 

298.2 cm2 and 309.15 cm2 respectively. The leaf area was found significantly higher under 

treatment T2 (12 cm depth of drip lateral) as 357.17 cm2 and minimum leaf area was observed 

under treatment To (Ridge-furrow) as 216.06 cm2.The mean values of different treatments are 

indicated that T2(12cm sub-surface drip lateral) was found best as 357.17 cm2and for treatment 

T1 (surface drip irrigation) as found 357.17 cm2, whereas treatment To(Ridge-furrow) observed 

lowest leaf area as 216.06 cm2. Similarly, for different irrigation levels, the mean values of 

different treatments indicated that 100% irrigation level was found best with 328 cm2, followed 

by the 80% irrigation level with 300.56 cm2, whereas 60% irrigation level observed lowest value 

as 277.28 cm2. Similarly findings are also suggested by Singh et al., (2007); Bhattarai et al., 

2008) that subsurface drip irrigation is better than the surface drip and conventional methods due 

to less evaporation losses. There is more proper soil water movement in SSD that drip irrigation 

(Neelam et al, 2006, 2008).  Influence of different depth of drip laterals under different irrigation 

strategies on leaf area  for  years i.e. (2015-2016 & 2016-2017) (fig 4.33). 
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Table 4.18: Influence of different irrigation levels and irrigation statigies  on leaf area (cm2) 

Treatments 

Irrigation level Mean 

100% 80% 60% 

T1 
358.17±5.15 325.33±0.13 314.33±5.01 332.61±6.90B 

T2 
388.67±5.86 364.00±7.48 318.83±18.12 357.17±11.81A 

T0 
237.17±0.10 212.34±11.15 198.67±9.23 216.06±7.01C 

Mean 
328.00±23.24A 300.56±23.08B 277.28±20.57C 

 

*T1= o cm (surface drip irrigation), T2= 12 cm (depth of drip lateral below soil surface), To= conventional Ridge-furrow irrigation 

 

Figure 4.33: Influence of different depth of drip laterals under different irrigation strategies on 

leaf area for  years i.e. (2015-2016 & 2016-2017), 
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4.5.3.3 1000-seed weight (grams) 

 

Highly significant data pertaining to  1000-seed- weight was observed for different treatments 

under different depths of drip lateral) table 4.19. The analysis of variance (ANOVA) concluded 

that there is significant interaction as shown in table 8 (Appendix I). 

The value of 1000-seed weight for year 2015-2016 was 264.63 g, as compared to year 2016-

2017 was found as259.07 g. The 1000-seed weight was foundsignificantly higherunder treatment 

T2 (12 cm depth of drip lateral) as 289.11 g and minimum was observed under treatment To 

(ridge-furrow) as222.33 g. As for as the mean values of different treatments are indicated that T2 

(12 cm sub-surface drip lateral) was best as 289.11 g, followed by the treatment T1(surface drip 

irrigation) as 268.11 g, whereas the conventional ridge furrow irrigation To observed lowest 

1000-seed weight as 222.33 g. Similarly, for different irrigation levels, the mean values of 

different treatments indicated that there is significant difference under different irrigation levels 

i.e 100% irrigation level was found best with 275.67 g, followed by 80% irrigation level as 

256.94 g, whereas 60% irrigation level observed lowest value as 246.91 g. Similarly findings are 

also suggested by Singh et al.,(2007); Bhattarai et al., 2008) that subsurface drip irrigation is 

better than the surface drip and conventional methods due to less evaporation losses. There is 

more proper soil water movement in SSD that SD (Neelam et al, 2006, 2008).  Influence of 

different depth of drip laterals under different irrigation strategies on 1000 seed weight  for  years 

i.e. (2015-2016 & 2016-2017) (fig 4.35). 
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Figure 4.19: Influence of different depth of drip laterals under different irrigation strategies on 

1000 seed weight   

 

Treatments 

Irrigation level Mean 

100% 80% 60% 

T1 
283.17±1.25 269.00±11.29 252.17±5.05 268.11±5.74B 

T2 
312.17±12.84 283.67±14.03 271.50±5.44 289.11±8.30A 

T0 
231.67±9.81 218.17±9.36 217.17±6.75 222.33±4.96C 

Mean 
275.67±12.67A 256.94±11.52AB 246.95±8.46C 

 

*T1= o cm (surface drip irrigation), T2= 12 cm (depth of drip lateral below soil surface), To= conventional Ridge-furrow irrigation 

 

 

Figure 4.34 Influence of different depth of drip laterals under different irrigation strategies on 

1000 seed weight  for  years i.e. (2015-2016 & 2016-2017)  
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4.5.3.3 Yield (ton ha-1) and IWUE (t ha-1 cm-1) 

Highly significant data pertaining to yield was observed for different treatments under different 

depths of drip lateral) table 4.20. The analysis of variance (ANOVA) concluded that there is 

significant interaction as shown in table 9 (Appendix I). 

The mean value of yield for year 2015-2016was 2.15 t ha-1, as compared to year 2016-2017 

which was found 2.11 t ha-1. Significantly higher yield was found under treatment T2(12 cm 

depth of drip lateral) as 2.72  t ha-1 and minimum  yield was observed under treatment To (Ridge-

furrow ) as 1.55( t ha-1. The observed overall peas yield for treatments T1, T2, To varies between 

2.3 to 2.14, 2.88 to 2.51, and 1.8 to 1.2   t ha-1 respectively. Research has been conducted by 

Kadayifciet al., (2005), Patel and Rajput 2008 also confirm higher yield for subsurface drip as 

compared to traditional methods. It detected that as compared to treatment T1, 20% water was 

saved under treatment 0.8T1 with yield decreased about 8%, but for 0.6T1 amount of water saved 

was40% with yield decreased about 20%. Similarly, it was observed that as compared to 

treatment T2, 20% water was saved under treatment 0.8T2 with yield decreased about 7 %, but for 

0.6T2 amount of water saved was40% with yield decrease about 15%. 

Further as compared to treatment To, 20% water was saved in treatment 0.8Towith yield 

decreased about 15%, but for 0.6Toamount of water saved was40% with yield decrease 33%. 

Further Sermet et al., 2004; Bao et al., 2003; Neelam et al., (2006); Satyendra et al., (2007); 

Menment et al., concluded that water stress level have significant effect on the yield. Application 

of 40% less amount of water as per crop water requirement decreased the yield for different 

irrigation methods. Similar finding has been also presented for different crops that water stress 

affected the crop yield (Bandyo-padhyay et al., 2003 ;Neelam et al., (2006);  Satyendra et al., 

(2007); Samkellarow et al., (2003). The treatment T2 with 12 cm depth of drip lateral observed 

best yield due to proper lateral water movement and less evaporation. The lateral depth at 10-12 

cm depth is consider best and is suggested by Campet al., 1998; Neelam et al., (2006, 2008) and 

Singh et al., (2005). Influence of different irrigation methods under different irrigation strategies  

on yield (ton/ha) for years i.e. (2015-2016  & 2016-2017)  fig 4.35 

Table 4.21 present the influence of deficit irrigation on IWUE (t ha-1 cm-1).  Drip lateral placed at 

12 cm depth with 40% deficit irrigation estimated maximum irrigation water use efficiency of 
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0.15 and 0.16 (t ha-1 cm-1) for growing season 2015-2016 and 2016-2017 respectively.  Total 

depth of irrigation water applied was 245 mm, 210 mm and 155 mm for 100%, 80% and 60% 

irrigation levels under different depth of drip laterals. Similarly overall IWUE for different depth 

of drip lateral for treatments T1, T2 and Towas0.11, 0.13 and 0.08 (t ha-1 cm-1) respectively as 

clearly shown in table 4.34. It is concluded that in water constrict conditions 20% water deficit is 

considered best for higher crop yield and improve irrigation water use efficiency (Satyendra et 

al., (2007); Satyenendra et al., (2007); Mehment et al., (2004); Kashyap et al., (2002); 

Satyendraet al., (2006); Juan et al.,( 2015); Aurora et al., (2005); Dagdelen et al., (2008) and 

Coelho et al., (2005). The vertical movement of water in sandy loam soil is mostly because of 

gravity, not by capillary forces therefore it is suggested that drip laterals place at shallow depths 

is best for proper soil water movement.  Two much water stress decrease the peas yield, so 

suitable soil moisture is required at different growth stages of peas crop, especially after 

blooming stages (after 2 week). Similarly, proper irrigation is also required at the full 

reproductive period to achieve maximum seed yield (Heatherley, 1993). Application of proper 

irrigation water is very important for different growth stages of peas crop (Raymond and Jeffrey, 

(1987), Baigorri et al., 1999). Influence of different irrigation methods under different irrigation 

strategies  on IWUE (ton ha-1 cm-1) for years i.e. (2015-2016 & 2016-2017) ( fig 4.36).  
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Table 4.20 Influence of different irrigation methods under different irrigation strategies  

Treatments 

Irrigation level Mean 

100% 80% 60% 

T1 
2.40±0.133 2.10±0.113 1.95±0.091 2.15±0.087B 

T2 
2.89±0.046 2.76±0.147 2.52±0.051 2.72±0.072A 

T0 
1.84±0.030 1.57±0.056 1.24±0.020 1.55±0.090C 

Mean 
2.38±0.156A 2.14±0.180B 1.90±0.187C 

 

*T1= o cm (surface drip irrigation), T2= 12 cm (depth of drip lateral below soil surface), To= conventional Ridge-furrow irrigation 

 

 

Figure 4.35: Influence of different irrigation methods under different irrigation strategies  on 

yield (ton/ha) for years i.e. (2015-2016  & 2016-2017)  fig 4.35 
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Table 4.21: Influence of different irrigation methods under different irrigation strategies  on 

IWUE (ton ha-1 cm-1)  

Treatments 

Irrigation level Mean 

100% 80% 60% 

T1 
0.090±0.006 0.113±0.008 0.150±0.008 0.118±0.009B 

T2 
0.117±0.012 0.123±0.018 0.167±0.023 0.136±0.012A 

T0 
0.075±0.016 0.078±0.013 0.090±0.010 0.081±0.007C 

Mean 
0.094±0.009C 0.105±0.010B 0.136±0.014A 

 
*T1= o cm (surface drip irrigation), T2= 12 cm (depth of drip lateral below soil surface), To= conventional Ridge-furrow irrigation 

 

 

Figure 4.36: Influence of different irrigation methods under different irrigation strategies  on 

IWUE (ton ha-1 cm-1) for years i.e. (2015-2016 & 2016-2017). 
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Chapter 5 

Summary  
 

This pilot study was conducted to investigate the effects of different depth of drip laterals (drip 

irrigation) under different irrigation levels i.e. (100%, 80%, and 60%of CWR) on   outcomes  

yield and IWUE of high values crops which include onion (Allium cepa .,) and peas(Pisum 

sativum L.). Real time irrigation scheduling was performed using rainfall estimated from 

microwave signal from cellular communication networks using freely available software 

RAINLINK. For this purpose, total 35 cellular links (L1 to L35) owned by an international 

telecommunication company (Telenor-Pakistan; 4G mobile company) were used, situated within 

the municipal and agricultural area of the district, Faisalabad. To calibrate and validate signal 

based rainfall estimated from RAINLINK, observed rainfall data was obtained from three 

different RGS. All the towers were selected in such a way that three RGS available within the 

city should be properly covered.  After calibration and validation of signal based rainfall 

(RAINLINK), it was used as an input parameter to calculate the irrigation water requirement and 

study the spatial variability of rainfall within the study area. For calculation of reference 

evapotranspiration, a panel which consists of some weather sensors was installed on the cellular 

tower to consider cellular tower as a weather tower and signal based rainfall was also estimated 

from the same cellular tower. To achieved above mentioned goals, following were the main 

objectives of the study, (1) To estimate rainfall from microwave signal data of cellular 

communication networks, (2) To calibrate and validate the microwave signal based rainfall with 

rain gauge and developing spatio-temporal rainfall maps of study area and (3) To develop real 

time irrigation scheduling framework to optimize soil and water productivity. The work carried 

out in this PhD research is summarized and concluded in next sections. 

 

5.1 Rainfall estimation using microwave signals of cellular communication 

networks 
 

Rainfall estimation using microwave signal from cellular network is a new and opportunistic 

technique, for which the scientists and researchers are continuous working to improve this new 
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method worldwide for the last two decades. In this study, we are the first to present this new 

technique for temperate climate like Pakistan. This technique is very much benefit for a country 

like Pakistan, where the ground based observation is very limited and outdated. In Pakistan, there 

is annual rainfall ranges from 50-1500 mm in different areas of the country and by using this 

new technique, we can utilized rain water for effective water management.  

The open source RAINLINK was tested in city Faisalabad, which is the third largest city of 

Pakistan and lies in the east part of Punjab province, Pakistan. This is practically demonstrated 

by study the rainfall dynamics and variability within the study area, showing the good 

performance of all the selected links within study area. 15 min rainfall was estimated from 

cellular communication networks and compared with ground based observation data i.e. rain 

gauges for the period from 2012 to 2017.Commercial microwave links data of six years were 

used for rainfall estimation which includes signal data-set of year (2012(Jan-Oct)) wa  for cal and 

val of the model was achieved using two independent signal sets of year (2012(Nov)-2014) and 

(2015-2017). Three rain gauges (reference) available within the study were used for analysis. 

Daily cumulative rainfall depth obtained from rain gauges installed at University of Agriculture, 

Faisalabad (UAF-RG), Ayub Agriculture Research Institute (AR-RG) and Water and Sanitation 

Agency (WASA-RG) were compared with the rainfall estimated at cellular links L2, L28 and 

L34, respectively.  The values of R2 for L2, L28 and L34 were 0.99, 0.97 and 0.96 respectively 

for validation data-2012(Nov)-2014), whereas values of R2 were 0.97, 0.97 and 0.98 for validation 

data-set (2015-2017). UAF-RG was used as reference to study the spatial variability of rainfall of 

all the selected links within the study area and observed 10%-60% average spatial variation of all 

links with the reference UAF-RG.  

.The results showed that microwave links can also be used to estimate rainfall at high temporal 

and spatial resolution that can potentially be used in agricultural water management, flood 

monitoring and other related studies. Further signal based rainfall definitely will no replace the 

current standard methods like radars, rain gauges and satellite data but their opportunistic use is 

very valuable as complementary networks for high resolution rainfall information. Finally, after 

obtain very good and promising results, we confirm the potential of this new technique for 

country like Pakistan, if the data is properly stored and made available.    
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5.2 Onion yield to different irrigation strategies  under different depth of drip 

laterals. 

 

The experiment was conducted on 2100 m2 with all drip laterals installed at 61 cm wide raised-

bed. Five treatments (T0, T1, T2, T3,T4) refers to drip laterals depths i.e. on surface, 6 cm, 12 cm, 

18 cm and 24 cm below ground surface with three irrigation strategies  i.e.(100%, 80% and 60% 

of CWR was studied. The values of observed field capacity and permanent wilting point were 

20.19% and 8.41% respectively. The irrigation water both surface and ground was found fit for 

irrigation. The overall plant height, leaf length, bulb weight, yield and Irrigation water use 

efficiency were significantly affected by different irrigation levels and different depths of drip 

lateral. The details of experiment are summarized and concluded below. 

The evaluation of uniformity of drip system was tested and found good performance. On the 

basis of coefficient of variation (CV) of dripper discharge rate of 0.053 and 0.054 observed for 

years 2015-2016 and 2016-2017 respectively, it was concluded that the performance of drip 

irrigation system was in good condition throughout growing season. Similarly, the values of 

distribution uniformity (DU) and statistical uniformity (SU) of the drip irrigation system were 

also within the recommended range i.e. 92 % during both the growing season, which also 

accomplished good performance of the system. The selection of proper operating pressure of the 

system is also very important to avoid cavity formation. In this study operating pressure of 1.0 

bar with dripper discharge rate of 4 l hr-1 was maintained as a best option because it does not lead 

to more cavity formation. The evaporation losses analysis was also performed for all the selected 

five treatments for onion crop before the start of each growing season. It was concluded that the 

evaporation loss deceases with increase optimum depth of drip lateral. It was observed that 

evaporation loss for treatment T0, T1, T2, T3and T4 was 14.8, 9.22, 6.33, 4.56 and 2.45%, 

respectively. 

The plant height was found significantly higher under T2(12 cm depth of drip lateral) as 52.048 

cm and minimum plant height was observed under treatment T4 (24 cm depth of drip lateral) as 

35.852 cm. Similarly, significantly higher plant height was observed under 100% irrigation level 

with 49.871 cm and lower plant height was observed under 60% irrigation level with 44.730 cm 

respectively. The maximum leaf length was found significantly higher under T2 as 48.083 cm 
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and minimum leaf length was observed under treatment T4 as 30.473 cm. The leaf length was 

observed significantly higher under 100% irrigation level with leaf length 46.08 cm and lower 

leaf length was observed for 60% irrigation levels with 36.70 value respectively. The vegetative 

growth of crop affected by increasing the water stress 

 

The yield was found significantly higher under treatment T2(12 cm depth of drip laterals) as 

found13.990 t ha-1 and minimum onion yield was observed under treatment T4(24 cm depth of 

drip laterals) as 9.008 t ha-1.Drip lateral placed at 12 cm depth with 40% irrigation level 

estimated maximum irrigation water used efficiency of 0.57 and 0.49 (t ha-1 cm-1) for both 

growing seasons. Whereas drip lateral placed at 24 cm depth with 100% irrigation level 

estimated minimum irrigation water used efficiency of 0.33 and 0.36 (t ha-1 cm-1) for both 

growing seasons. 

The soil water content was regularly monitor using soil moisture meter before and after the 

irrigation at different depths of drip lateral, it was concluded that placement of drip lateral at 12 

cm was found best because of the proper upward movement of water take place and soil surface 

remain moist, which is necessary for plant growth. It is concluded that if the drip lateral placed at 

deeper depth than 18 cm than it will not provide sufficient soil moisture available for plant. 

Either to place drip lateral at surface or up to 18 cm depth, the observed pattern of moisture 

observed around crop root zone up to 60 cm wide or up to 30 cm depth is more that 20%, which 

is sufficient for crop growth, resulting higher crop yield. On the basis of above explained 

observations, it is recommended that in water constrain condition that T2 (12 cm depth of drip 

lateral) is best with 80% irrigation level. This is very good selection for semi-arid climate.  

5.3 Response of peas yield to different irrigation stratigies  under different 

irrigation methods 

 

The experimental design was laid under Randomized Complete Block Design (RCBD) with 3 

replications. The experiment was conducted on 2000 m2. Three treatments (T1, T2, T0) refers to  

different irrigation approaches i.e.  0 cm (SD), 12 cm (SSD) and ridge-furrow irrigation with  

irrigation stages i.e. (100%, 80% and 60% of CWR) was studied. Soil properties, water quality 
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parameters and uniformity of drip system were found same as explained for onion crop because 

both experimental plots were adjacent to each other.  

Pod length was found significantly higher under treatment T2(12 cm depth of drip lateral) with 

6.06 cm and minimum pod length was observed under treatment To(Ridge-furrow ) as 4.99 cm. 

For different irrigation levels, the mean values of different treatments indicated that 100% 

irrigation level was found best with 6.06 cm pod length, whereas 60% irrigation level observed 

lowest number of pod length as 5.00 cm. 

 Significantly higher yield was found under treatment T2 (12 cm depth of drip lateral) as 2.72 t 

ha-1 and minimum yield was observed under treatment To (Ridge-furrow) as 1.55 t ha-1. Drip 

lateral placed at 12 cm depth with 40% irrigation level estimated maximum irrigation water used 

efficiency of 0.14 and 0.15 (t ha-1cm-1) for growing season 2015-2016 and 2016-2017 

respectively. Whereas ridge-furrow irrigation method with 100% irrigation level irrigation 

estimated minimum irrigation water used efficiency of 0.08 and 0.07 (t ha-1 cm-1) for growing 

season 2015-2016 and 2016-2017 respectively. 

The vertical movement of water in sandy loam soil is mostly because of gravity, not by capillary 

forces therefore it is suggested that drip laterals place at shallow depths is best for proper soil 

water movement.  

The results of study demonstrate that opportunities exist to improve the performance of 

subsurface drip irrigation systems by adjusting system design and management strategies to 

account for difference in depth of placement of drip laterals and the quantity of applied irrigation 

water. Subsurface drip irrigation systems resulted in a slight increase in the dimensions of the 

wetted area as well as soil water content in the root zone. On the basis of above explained 

observations, it is recommended that in water constrain condition that T2 (12 cm depth of drip 

lateral) is best with 80% irrigation level. This is very good selection for semi-arid climate.  
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5.4 Recommendations 

Following are recommendations for future course of action 

1. In this research only focus is on the rainfall estimation from cellular communication and 

estimation of evaporation from CMLs is not a part of this research because of data 

availability issues and some experimental setup required. But estimation of evaporation 

from CMLs system can be an interesting topic to work in collaboration with different 

telecommunication company in Pakistan. This information can be further used for rainfall 

predication, flood prediction, drought management, crop productivity, delineating 

rainwater and flood water harvesting potential sites, and risky climate warning.  

2. After successful estimation of precipitation and evaporation from CMLs in future, 

farmer’s agricultural land can be register against nearest cellular tower to provide this 

climatic information. This information will help farmers to better performed different 

agricultural practices and real time irrigation scheduling.  

3. Founded on field experimental data, it is suggested that drip lateral with 12 (cm) depth is 

best in sandy loam soil and 80% irrigation level is also recommended as best in water 

constrain conditions. 

4. The Govt. of Pakistan should take initiative on large scale to give subsidy to the farmer to 

adopt subsurface drip. On all agricultural research stations across the country, optimal 

depth of drip lateral can be studied in different soils to recommend the proper depth of 

drip lateral for all type of soils. 

 

 

 

 
 

 

 

 

  



 
 

124 

REFERENCES 

Atlas, D. and C. W. Ulbrich1977.Path and area-integrated rainfall measurement by microwave 

attenuation in the 1–3 cm band, J. Appl. Meteorol., 16, 1322–1331. 

ASAE 1996a. Field evaluation of micro irrigation systems, EP405.1. ASAE Standards, American 

Society of Agriculture Engineers, St. Joseph, MI: pp 756–759. 

ASAE 1996b. Design and installation of micro irrigation systems, EP409. ASAE Standards. 

American Society of Agriculture Engineers, St. Joseph, MI, pp 792–797. 

Allen, R.G, L.S.Pereira, D. Raes, M.Smith 1999.  Crop evapotranspiration. Guidelines for 

computing crop water requirements, FAO irrigation and Drainage Paper No. 56, FAO, 

Rome, Italy, 300 p. 

Ayers, J.E, C.J Phene,  R.B. Hutmacher,K.R. Davis,R.A.Shoneman,  S.S.Vail  and  R.M Mead  

(1999).Subsurface drip irrigation of row crops: a review of 15 years of research at The 

Water Management Laboratory. Agric Water Manag 42(1):1–27. 

Anagnostou, E.N., W.F. Krajewski, and J. Smith. (1999). Uncertainty quantification of mean-

areal radar-rainfall estimates. Journal of Atmospheric and Oceanic Technology, 16, pp. 

206–215.  

Anonymous, 2010. Economic survey of Pakistan, Government of Pakistan. Finance                                                                                                   

Division, Economic Advisors Wing, Islamabad. 

Anonymous 2008. Agriculture statistics of Pakistan, Ministry of food agriculture and livestock, 

Govt. of Paksitan, Islamabad. pp: 152-153. 

Ahmad, M. and U. Farooq 2010. The State of Food Security in Pakistan: Future Challenges and 

coping Strategies. Paper submitted for Presentation at the “26thAGM and Conference of 

PSDE being held on 28-30-2010 in Islamabad, Pakistan.  

Ahmad, M. D., 2003. At what scale does water saving really save water. Journal of Soil and 

Water Conservation 62, pp. 29A-35A. 

Aurora, G.R., M.D. Salvador., A. Moriana., D. Pervez., N. Olmedilla., F. Ribas and G. 

Fregapane 2005. Influence of different irrigation strategies in the traditional Cornicabra 

cv. Olive orchard on virgin olive oil composition and quality. Food Chemistry 100(2007) 

568-578.  



 
 

125 

Ana, F.S.C., E.P. Gomes., A.D.P. Sousa and M.B.A. Gloria 2005. Effect of irrigation level on 

yield and bioactive amine contect of American lettuce. J. Sci Food Agr 85: 1026-1032 

(2005). 

Berndtsson, R., and J. Niemczynowicz 1988. Spatial and temporal scales in rainfall analysis—

Some aspects and future perspectives, J. Hydrol., 100, 293–313. 

Ben-Gal A, U. Lazorovitch,U. Shani 2004. Subsurface drip irrigation in gravel filled cavities. 

Vadose Zone J 3:1407–1413. 

Bastiaanssenm W. G. M., R. G. Allen, P. Droogers, G DUro, and P. Steduto2007. Twenty-five 

years modeling irrigated and drained soils; State of the art Agricultural Water 

Management 92(3); 111-125. 

Bartolo ME 2005. Subsurface drip irrigation in Colorado. In: Central Plains Irrigation 

Conference and Exposition Proceedings, Sterling, CO, pp 119–122 (available online 

http://www.oznet.ksu.edu/Irrigate/OOW/P05/Bartolo.pdf) 

Brevedan, R.E and D.B. Egli 2003. Short period of water stress during seed filling, leaf 

senescence and yield of soybean. Crop Science, 43: 2083-2088.  

Burt, C.M., Clemmens, A.J.  Strelkoff, T.S. Soloman, K.H. Bliesner, R.D. Hardy, L.A. Howell, 

T.A. Eisenhauer, D.E. 1997. Irrigation performance measures: efficiency and uniformity. 

Journal of Irrigation and Drainage Engineering 123 (6), 423–442. 

Bekele, S. and K. Tilahun. 1973. Regulated deficit irrigation scheduling of onion in a semiarid 

region of Ethiopia. Agricultural water management. 89(1): 148-152. 

Bos, E and G. Bergkmp, 2001. Water and the Environment. In: R.S.  Mienzen-Dickand M.W. 

Rosegrant, Eds., 2020 focus9; Overcoming water scarcity quality constraints. 

International Food Policy Research Institute, Washington D.C.   

Bailey, R.J. and E. Spackman. 1996. A model for estimating soil moisture changes as an aid to 

irrigation scheduling and crop water‐use studies. Operational details and description. Soil 

Use and Management. 12(3): 122-128. 

Baigorri, H.S., M.C. Antolin and M. Scnchen-Diaz 1999. Reproductive response of two 

morphologically different peas cultivars to droughts. Euro. J. Argon., 119-128. 

Bralts, V.F., I.P. Gitlin, H.M. 1981. Manufacturing variation and drip irrigation uniformity. 

Transactions of the ASAE 24, 113–119. 

http://www.oznet.ksu.edu/Irrigate/OOW/P05/Bartolo.pdf
http://www.oznet.ksu.edu/Irrigate/OOW/P05/Bartolo.pdf


 
 

126 

Bao. Z.Y., S. Nishiyama and Y. Kamg 2003. Effects of different irrigation regimes on the growth 

and yield of drip-irrigated potato. Agricultural Water Management 63(2003) 153-167.  

Berne, A. and R. Uijlenhoet 2011. Path-averaged rainfall estimation using microwave links: 

Uncertainty due to spatial rainfall variability, Geophys. Res. Lett., 34, L07403. 

Brauer, C. C., A. J. Teuling, A. Overeem, Y. Velde, P. Hazenberg,P. M. M. Warmerdam, and R. 

Uijlenhoet 2011.  Anatomy of extraordinary rainfall and flash flood in a Dutch lowland 

catchment, Hydrol. EarthSyst. Sci., 15, 1991–2005, doi:10.5194/hess-15-1991-2011. 

Cheema, M.J.M. 2012. Understanding water resources conditions in data scarce river basins 

using intelligent pixel information, Case: Tran’s boundary Indus Basin. TU Delft, Delft 

University of Technology. 

Camp CR., and F.R. Lamm.2003. Irrigation systems, subsurface drip. In: Encyclopedia of water 

science. Marcel Dekker, New York, pp 560–564 

Camp C.R 1998. Subsurface drip irrigation: a review. Trans ASAE 41(5):1353–1367 

Clothier, B.E., and S.R.Green. 1997. Roots: the big movers of water and chemicals in soil. Soil 

Science 162, 534–543. 

Calzadilla, A., K. Rehdanz and R. Suleman 2010. The economic impact of more sustainable 

water use in agriculture: A computable general equilibrium analysis. Journal of 

Hydrology. 384(3): 292-305. 

Cheema, M. and W. Bastiaanssen. 2012. Land use and land cover classification in the irrigated 

Indus Basin using growth phenology information from satellite data to support water 

management analysis. Agricultural water management. 97: 1541-1552. 

Camp C.R., F.R Lamm,  R.G Evans, C.J  Phene.2000.  Subsurface drip irrigation—past, present 

and future. In: Proceedings of the 4th decennial national irrigation symposium, Phoenix 

AZ, ASAE, St. Joseph, MI, November 14–16, pp 363–372 

Chaudhry, M.A. 1978. Determination of cost of tubewell water and estimation of economic rent 

in canal irrigation. Pakistan Developemnt Review 17(2).  

Dagdelen, N., H. Basal, E. Yilmaz, T. Gurbuz. and S. Akcay.2007. Different drip irrigation 

regimes affect cotton yield, water use efficiency and faber quality in western Turkey. 

Agricultural Water Management 96(2009) 111-120.    



 
 

127 

Doumounia, A., M. Gosset, F.Cazenave, M. Kacou, and F. Zougmore 2014. Rainfall monitoring 

based on microwave links from cellular telecommunication networks: first results from a 

West African test bed, Geophys. Res. Lett., 41, 6016–6022. 

DeTar W.R  2004.  Using a subsurface drip irrigation system to measure crop water use. 

Irrigation Sci 23(2):111–122. 

Evett, S.R., T.A. Howell, A.D.Schneider. 1995. Energy and water balances for surface and 

subsurface drip irrigated corn. In: Proceedings of the Fifth International Microirrigation 

Congress, April 2–6, Orlando, FL, USA, pp. 135–140. 

Enciso J.,  J. Jifon, and B. Wiedenfeld. 2005. Subsurface drip irrigation of onions: effect of 

emitter spacing and drip depth on yield. American Society of Agricultural and Biological 

Engineer, St Joseph, MI, USA, Paper number 052242 

El BallaM.M.A., Abdelbagi, A. Hamid, A.H.A. Abdelmageed.2013. Effects of time of water 

stress on flowering, seed yield and seed quality of common onion (Allium cepa L.) under 

the arid tropical conditions of Sudan. Agricultural Water Management 121 (2013) 149–

157 

FAO. 2003. The Irrigation Challenge, IPTRID Issue Paper 4. , Food and Agricultural 

Organization of the United Nations. Rome. Italy.  

FAO. 2007. Aquastat, http:// www.fao.org/ nr/ water/ www.waterfootprint.org.aquastat/ data/ 

query/ index.html. 

F.A.O. 2009.FAO. Production year book, 54(163);96-97. 

FAO. 2011. The state of the world's land and water resources for food and agriculture (SOLAW)  

Managing systems at risk,.Food and Agriculture Organization of the United Nations, 

Rome and Earthscan, London. 

Goldshtein, O., H. Messer, and A. Zinevich 2009. Rain rate estimation using measurements from 

commercial telecommunications links, IEEET. Signal Process., 57, 1616–1625, 

doi:10.1109/TSP.2009.2012554. 

Government of Pakistan,  2010. “Pakistan Economic Survey 2009-2010”, Economic Advisors 

Wing, Finance Division, Government of Pakistan, Islamabad.  

Heistermann, M., S. Jacobi, and T. Pfaff.2013. Technical Note: An opensource library for 

processing weather radar data (wradlib), Hydrol.Earth Syst. Sci., 17, 863–871, 

doi:10.5194/hess-17-863-2013. 

dx.doi.org/10.1016/j.agwat.2013.02.002
dx.doi.org/10.1016/j.agwat.2013.02.002


 
 

128 

Henry E.I., A.A. Ramalan , E. Oiganji 2012.  Effects of regulated deficit irrigation and mulch on 

yield, water use and crop water productivity of onion in Samaru, Nigeria. Agricultural 

Water Management.  109 (2012) 162–169. 

Harmsen, E.W., S.E.G. Cabassa, E. Ramírez, N.D. Pol,  and S.C. Kuligowski  2008.  Satellite 

sub-pixel rainfall variability. International Journal of Systems Applications, Engineering 

& Development, 2,pp. 91–100. 

Hou, A. Y., R. K. Neeck, S. Azarbarzin, A. A. Kummerow, C. D. Kojima, M. Oki, R. Nakamura, 

K., and T. Iguchi. 2014. The global precipitation measurement mission, B. Am. 

Meteorol.Soc., 95, 701–722. 

Hatfield J.L, T.J Sauer and J.H Prueger 2001. Managing soils to achieve greater water use 

efficiency; a review . Agr on J 2001; 93:271-280.  

Humphreys, E., C.O. Neill and B.J. Fawcett. 2006. High pressure irrigation save water in  Maize 

production, maize association of Austria, 6th triennial conference. 1: 1-6. 

Heartherley. L.G 1993. Drought stress and irrigation effects on germination of hervested soybean 

seed. Crop Sci., 33: 777-781. 

Juan Enciso , B. Wiedenfeld,  J.Jifon , S. Nelson  2008. Onion yield and quality response to two 

irrigation scheduling strategies ScientiaHorticulturae 120 (2009) 301–305 

Jameson, A., 1991. A comparison of microwave techniques for measuring rainfall, J. Appl. 

Meteorol., 30, 32–54. 

Jabro, J. D., R. G Evans, Y. Kim and W. M. Iversen  2009. Estimating in situ soil-water telention 

and field water capacity in two contrasting soil textures. Irrig Sci (2009) 27:223-22.  

Juan, E., J. Jifon., J. Anciso, and L. Ribera.2015. Productivity of onions using subsurface drip 

irrigations verus furrow irrigation systems with an internet based irrigation scheduling 

program. International Journal of Agronomy: Vol 2015, Art ID178180. 6 pages. 

Jiahua, Z., G. Huang, J. Wang, Q. Huang, L.S. Pereira and H. Liu.2012. Effect of water deficits 

on growth, yield and water productivity of drip-irrigated onion and in an arid region of 

northwest China. Irrig Sci (2013) 31:995-1008. 

Kahlown, M. A., and A. Majeed. 2003. Water-resources situation in Pakistan: challenges and 

future strategies. Water Resources in the South: Present Scenario and Future Prospects, 

20. 



 
 

129 

Kibaroglu, A. 2004. Socio-Economic Development and Benefit Sharing in the Euphrates-Tigris 

River Basin, “Proceedings IPCRI Conference: Water for Life in the Middle East, 

Antalya, Turkey.   

Kadayifci A, Ismail, TG, Ucar Y, Cakmak 2005.  Crop water use of onion  (Allium  cepa  L.)        

(in Turkey).  Agric Water  Manag 72(1):59–68. 

Krajewski, W.F., G.J. Ciach, and E. Habib.  2003. An analysis of small-scale rainfall variability 

in different climatic regimes. Hydrological Sciences, 48, pp. 151–162. 

Kharadly, M. M. Z., and R. Ross 2001. Effect of wet antenna attenuation on propagation data 

statistics, IEEE Trans. Antennas Propag., 49, 1183–1191. 

Kelleners, T. J and M. R. Chaudhry. 1998. Drainage water salinity of  tubewells and pipe drains: 

A case study from Pakistan. Agricultural Water Management 37(1):41-53.  

Kirkham M.B (2005). Principles of soil and plant water relations. Elsevier, Burlington.  

Lazarovitch, N., 2001. The effect of soil water potential, hydraulic properties and source 

characteristic on the discharge of a subsurface source. Thesis submitted to the Faculty of 

Agriculture of the Hebrew University of Jerusalem. 

Lamm F.R.,  T.P Trooien.2003.  Subsurface drip irrigation for corn production: a review of 10 

years of research in Kansas. Irrigation Sci 22(3–4):195–200. 

Leijnse, H., R. Uijlenhoet, and J. N. M. Stricker 2007. Hydro meteorological application of a 

microwave link: 2. Precipitation, Water Resour. Res., 43, W04417. 

Leijnse, H., R. Uijlenhoet, and A. Berne2010. Errors and uncertainties in microwave link rainfall 

estimation explored using drop size measurements and high-resolution radar data, J. 

Hydrometeorol., 11, 1330–1344. 

Leijnse, H., R. Uijlenhoet, and J. N. M. Stricker2007. Rainfall measurement using radio links 

from cellular communication networks, Water Resour. Res., 43, W03201. 

Leijnse, H., R. Uijlenhoet, and J. N. M. Stricker. 2008.  Microwave link rainfall estimation: 

Effects of link length and frequency, temporal sampling, power resolution, and wet 

antenna attenuation, Adv. WaterResour., 31, 1481–1493. 

Leijnse, H., R. Uijlenhoet, and A. Berne 2010. Errors and uncertainties in microwave link 

rainfall estimation explored using drop size measurements and high-resolution radar data, 

J. Hydrometeorol., 11, 1330–1344. 



 
 

130 

Leijnse, H and R. Uijlenhoet 2010. Precipitation measurement at CESAR, the Netherlands,J. 

Hydrometeorol., 11, 1322–1329. 

Longo D.F., and T. Speasrs 2003. Water scarcity and modern irrigation. Valmont-Water 

Management Groups, Valmont Water Management Group 7002 North 288 Street P O. 

Box 358, Valley, NE 68064-0358 USA, 16 p. (available online 

http://www.valmont.com/asp/irrigation/pdf/ValmontWaterScarcity.pdf) 

Messer, H. A., A. Zinevich, and P. Alpert 2006. Environmental monitoring by wireless 

communication networks, Science, 312, 713. 

Minda, H., and K. Nakamura 2005.  High temporal resolution path-average rain gauge with 50-

GHz band microwave, J. Atmos. Oceanic Technol., 22, 165–179. 

Meek, B.D., E.A. Rechel, L.M. Centar, and W.R DeTar. 1988. Soil compaction and its effect on 

alfalfa in zone production systems . Soil Sci .Soc. Am. J. 51:233-236. 

Meek, B.D., E.D. Rechel, L.M. Cetar, W.R. DeTar, and A.L Urie 1992. Infiltration rate of sandy 

loam soil: Effects of traffic, Tillage, and plants roots. Soil Sci. Soc Am.  J. 

Moodie, C.D., H.W. Smith and R. A McCreery. 1959. Laboratory manual for soil salinity 

fertility, pp:31-9(Mimeogtaphed). Wahington State College, WA, USA. 

Mohanty B.K., J.N. Das 2001. Response of Rabi onion cv. Nasik Red to nitrogen and potassium 

fertigation. Veg Sci 28(1):40–42. 

Mermond.A.,T.D. Tamini and H. Yacouba 2005.  Impact of different irrigation schedules on the 

water balance components of an onion crop in a semi-arid zone. Agricultural Water 

Management 77(2005)282-295. 

Meshkat, M., R.C.Warner, S.R.Workman. 2000. Evaporation reduction potential in an 

undisturbed soil irrigated with surface and sand tube irrigation. Transactions of ASAE 43, 

79–86. 

Metmet. S., T. Tonkaz, M. Kacira, N. Comlekcioglu and Z. Dogan.2004. The effect of different 

irrigation regimes on the cucumber yield and yield characteristics under open field 

conditions. Agricultural Water Management 73(2005) 173-191.    

NESPAK, 1991. Contribution of private tubewells in development of water potential: Final 

Report, Ministry of Planning and Development, Islamabad.   

Neelam P and T.B.S Rajput 2007. Dynamic and modeling of soil water under subsurface drip 

irrigated onion, Agricultural Water Management 95(2008)1335-1349. 

http://www.valmont./
http://www.valmont./


 
 

131 

Overeem, A., H. Leijnse, and R. Uijlenhoet 2011. Quantitative precipitation estimation using 

commercial microwave links, IAHS Red Book Symp. Proc., accepted. 

Overeem, A., H. Leijnse. and R. Uijlenhoet.  2013. Country-wide rainfall maps from cellular 

communication networks, P. Natl. Acad. Sci. USA, 110, 2741–2745. 

Overeem, A., H. Leijnse, and R. Uijlenhoet 2013. Measuring urban rainfall using microwave 

links from commercial cellularcommunication networks, Water Resour. Res., 47, 

W12505. 

Oron, G., J. Demalach, Z. Hoffman and R. Cibotaru  1991. Subsurface micro irrigation with 

effluent. Journal of irrigation and drainage engineering. 117:25-36. 

Overeem, A., H. Leijnse, and R. Uijlenhoet 2016. Retrieval algorithm for rainfall mapping from 

microwave links in a cellular communication network. Atmos, Meas. Tech., 9, 2425–

2444, 2016, doi:10.5194/amt-9-2425-2016. 

Oweis, T., A. Hachum, and J. Kijne 1991. Water harvesting and supplemental irrigation for 

improved water use efficiency in dry areas. SWIM, Paper 7, Colombo; International 

Water Management Institute; 1999.p. 41.  

Phene C.J.,  R.B Hutmacher,  J.E Ayers, K.R Davis,  R.M Mead, R.A  Schoneman. 1992.  

Maximizing water use efficiency with subsurface drip irrigation. ASAE Paper No. 92-

2059, presented at International Summer Meeting, Charlotte, NC, 21–24 June, 27 p 

Philip, J.R., 1991a. Upper bounds on evaporation losses from buried sources. Soil Science 

Society of America Journal 55, 1516–1520. 

Philip, J.R., 1991b. Effect of root and sub irrigation on evaporation and percolation losses. Soil 

Science Society of America Journal 55, 1520–1523. 

Pitts, D.J., 1997. Evaluation of Micro Irrigation Systems. South West Florida Research and 

Education Center, University of Florida. 

Patel, M.S., and N.T Singh. 1981. Changes in bulk density and water intake rate of a coarse 

textural soil in relation to different levels of compations. J. Indian Soc. Soil Sci. 29:110-

112.  

Rawls, W.J., D.L. Brakensiek, and K.E. Saxton. 1982. Estimation of soil water properties. Trans 

of ASAE.25:1316.  

Ruskin R (2000) Subsurface drip irrigation and yields. (available online 

http://www.geoflow.com) 

http://www.geoflow.com/


 
 

132 

Rios G.F., A. Overeem, H. Leijnse, and R Uijlenhoet 2016. First-year evaluation of GPM-

rainfall over the Netherlands: IMERG Day-1 Final Run, J. Hydrometeoro. 

Raymond, A.T.G  and C.S. Jeffrey. 1987. Irrigation management effects on spring peas seed 

yield and quality. Hort Sci., 22(6): 1262-1263.  

Rios G.F., A. Overeem, H. Leijnse, and R Uijlenhoet. 2015. Measurement and interpolation 

uncertainties in rainfall mapsfrom cellular communication networks, Hydrol. Earth Syst. 

Sci.,19, 3571–3584, doi:10.5194/hess-19-3571-2015. 

Rayitsfeld, A., R. Samuels, and A. Zinevich  2012. Comparison of twomethodologies for long 

term rainfall monitoring using a commercialmicrowave communication system, Atmos. 

Res., 104–105,119–127. 

Raskin, P., P. Gleick, P. Kirshen, G. Pontius and K. Strzepek. 1997. Water futures: assessment of 

long-range patterns and problems. Comprehensive assessment of the  freshwater 

resources of the world.1-22. 

Roebeling, R. A., and I. Holleman.  2009. SEVIRI rainfall retrieval and validation using weather 

radar observations, J. Geophys. Res., 114, D21202. 

Romero, P., P. Botia and F. Garcia 2004. Effects of regulated deficit irrigation under subsurface 

drip irrigation conditions on vegetative development and yield of mature  almond 

trees. Plant and Soil. 260(1): 169-181. 

Rhodes, J. D., A. Kandiah and A.M. Mashali. 1992. The use of saline waters for crop production. 

FAO Irrigation Drainage. Paper 43. Rome.  

Richards. L.A 1954. Diagnosis and improvement of saline and alkali soils. USDA Agricultura 

Handbook No. 60, U.S Government printing Office, Wastington, D.C.  

Shalhevet, J., 1994. Using water of marginal for crop production; major issues. Agric. Water 

Manage. 25,233-269. 

Satyendra, K., M. Imtiyan. A. Kumar and R. Singh. 2007. Response of onion to different 

irrigation level of water. Agricultural Water Management; 89(2007) 161-166. 

Singh, K. K., T. S. Colvin, D.C. Erbach, and A.Q. Mughal. 1992. Tilth Index: An approach to 

quantifying soil tilth. Transcations of the ASAE 35(6):1777-1785.  

Schleiss, M., J. Rieckermann, and A. Berne 2013. Quantificationand modeling of wet-antenna 

attenuation for commercial microwavelinks, IEEE Geosci. Remote. S., 10, 1195–1199 



 
 

133 

Schuurmans, J. M.,  M.E.R. Bierkens,  E.RPebesma.,  and R. Uijlenhoet. 2007. Automatic 

prediction of high-resolution daily rainfallfields for multiple extents: The potential of 

operational radar,J. Hydrometeorol., 8, 1204–1224. 

Sermet, O., M.E. Caliskan, D. Onder, and S. Caliskan.2004. Different irrigations methods ad 

water stress effects on the potato yield and yield components. Agricultural Water 

Managemnet 73(2005)73-86.  

Srivatava. R. S., and A. Upadhayaya  2007. Study on feasibility of drip irrigation for cotton 

inShah, E. S. J. A., Akhtar, S., Tariq, S. M., &Habib, Z. MARGALLA PAPERS 2011–

SPECIAL EDITION. 

Strange M. L.2005. News letter for onions and garlic for Fresno, Tulare and Kings Counties. 

University of California Cooperative Extension. 4437-B S. Laspina Street, Tulare, CA 

93274 (http://www.cetulare.ucdavis.edu/newsletterfiles/Veg_Notes8159.pdf) 

Singh D.K., T.B. S.  Rajput, H.SSikarwar, R.N Sahoo,and T. Ahmed.2006. Simulation of soil 

wetting pattern with subsurface drip irrigation from line source. Agric Water Manag 

83:130–134. 

Semts, S. M. P., M. Kuper, J.C.V Dam, and R.A Feddes. 1997. Salinization  and crop 

transpiration of irrigated fields in Pakistan Punjab. Agricultural Water Management 35(1-

2):43-60.  

 Singandhupe R.B., G.G.S.N. Rao, N.G. Patil, and P.S. Brahmanand.2002. Fertigation studies 

and irrigation scheduling in drip irrigation system in tomato crop (Lycopersicon 

esculentum L.), Europ. J. Agronomy 19 (2003) 327-340.  

Thakur, B.C. and R.S.Spehia 2005. Effect of drip lateral spacing and crop geometry on  yield 

the Southeast. The Journal of Cotton Science. 15:233-242. 

Taiz, L and E. Zeiger. 1991. Plant Physiology.  The Benjamin/Cummings Publishing Co., Inc. 

Redwood City, CA.  

Urbano, G., P. Aranda, and E. G.Villalva. 2003. Nutritional evolution of peas(Pisumsativum L.) 

protein diets after mild hydrothermal treatment and with and without added phytase. J. 

Agri. Food Chem., 51:2415-2420. 

Uijlenhoet, R.,  J. Cohard,  and M Gosset, 2011. Path-average rainfallestimation from optical 

extinction measurements using alarge-aperture scintillometer, J. Hydrometeorol., 12, 

955–972, 

http://www.cetulare.ucdavis.edu/newsletterfiles/Veg_Notes8159.pdf
http://www.cetulare.ucdavis.edu/newsletterfiles/Veg_Notes8159.pdf


 
 

134 

Upton, G. J. G., A.R Holt, R.J. Cummings, R.  Rahimi, and J.W.F Goddard.2005. Microwave 

links: The future for urban rainfall measurement, Atmos. Res., 77, 300–312. 

Wrachien, D. 2003. Global Warming and Irrigation Development: A world-wide  View. Journal 

of Agricultural Engineering. 5(6): 18-21. 

Wichelns D., 2002. An economic perspective on the potential grains from improvements in 

irrigation water management. Agric Water Manage 2002; 52;233-248.   

Yilmaz, K. K., T, S. Hogue, K.S.Sorooshain, H.V. Gupta and T.Wagener. 2005. Intercomparison 

of Rain Gauge, Radar, and Satellite-Based Precipitation Estimates with Emphasis on 

Hydrologic Forecasting, American Meteorological Society. Vol 6. 

Van het Schip, T. I, A. Overeem, H. Leijnse, R. Uijlenhoet,  J. F. Meirink and A. J. Delden. 

2017. Rainfall measurement using cell phone links: classification of wet and dry periods 

using geostationary satellites, Hydrological Sciences Journal,  

Vieira, R.D., B.M Terkorony and D.B. Egli 1992. Effect of drought and defoliation stress in the 

field on soybean seed germination and vigour. Crop Science, 32: 471-475. 

Vieira, R.D., B.M Terkorony and D.B. Egli 1991. Effect of drought and defoliation stress in the 

field on soybean seed germination and vigour. J. Seec Technol., 15:12-21.   

Villarini, G., P.I Mandapaka,W.F Krajewski, and R.J. Moore. 2008. Rainfall and sampling 

uncertainties: A rain gauge perspective, J.Geophys. Res., 113, D11102. 

Van C. Z.,H.  Leijnse, P.J.F Torfs, and R. Uijlenhoet. 2012.  Seasonal semi-variance of Dutch 

rainfall at hourly to daily scales, Adv. Water Resour., 45, 76–85, 

Wang, Z., M. Schleiss, J. Jaffrain,A. Berne,and J.  Rieckermann. 2012. Using Markov switching 

models to infer dry and rainy periods from telecommunication microwave link signals, 

Atmos. Meas.Tech., 5, 1847–1859. 

Zinevich, A., P. Alpert, and H. Messer. 2008. Estimation of rainfall fields using commercial 

microwave communication networks of variable density, Adv.Water Resour., 31:147,. 

Zinevich, A., H. Messer, and P. Alpert. 2009. Frontal rainfall observation by a commercial 

microwave communication network, J. Appl. Meteorol.Climatol., 48, 1317. 

Zinevich, A., H. Messer, and P. Alpert. 2010. Prediction of rainfall intensity measurement errors 

using commercial microwave communication links, Atmos. Measure. Tech., 3, 1385. 

Zotarelli, L., J.M. Scholberg,M.D. Dukes,C. Muñoz, and J. Icerman. 2009. Tomato yield, 

biomass accumulation, root distribution and irrigation water use efficiency on a sandy 

soil, as affected by nitrogen rate and irrigation scheduling. Agricultural water 

management. 96(1): 23-34. 



 
 

135 

Appendix I 
 

Table 3: Analysis of variance for bulb weight (g) 

Source of variation Degrees of 

freedom 

Sum of squares Mean squares F-value 

Irrigation (Irr) 

Treatment (Tr) 

Irr x Tr 

Error 

Total 

2 

 4 

 8 

30 

44 

305.328 

292.937 

105.143 

131.813 

835.220 

152.664 

 73.234 

 13.143 

  4.394 

34.75** 

16.67** 

 2.99* 

NS = Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant (P<0.01) 

Table 4: Analysis of variance for yield (tons/ha) 

 

Source of variation Degrees of 

freedom 

Sum of squares Mean squares F-value 

Irrigation (Irr) 

Treatment (Tr) 

Irr x Tr 

Error 

Total 

2 

 4 

 8 

30 

44 

75.961 

139.032 

  8.197 

  9.934 

233.124 

37.980 

 34.758 

  1.025 

  0.331 

114.69** 

 104.96** 

   3.09* 

NS = Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant (P<0.01) 
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Table 5: Analysis of variance for pod length (cm) 

 

Source of variation Degrees of 

freedom 

Sum of squares Mean squares F-value 

Irrigation (Irr) 

Treatment (Tr) 

Irr x Tr 

Error 

Total 

2 

2 

4 

18 

26 

5.1048 

 8.1632 

 0.3125 

 1.4337 

15.0143 

2.5524 

 4.0816 

 0.0781 

 0.0797 

32.04** 

51.24** 

 0.98NS 

NS = Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant (P<0.01) 

 

Table 6: Analysis of variance for no of seed per pod 

Source of variation Degrees of 

freedom 

Sum of squares Mean squares F-value 

Irrigation (Irr) 

Treatment (Tr) 

Irr x Tr 

Error 

Total 

2 

2 

4 

18 

26 

23.407 

 45.352 

 11.259 

  2.850 

 82.869 

11.704 

 22.676 

  2.815 

  0.158 

73.91** 

143.20** 

 17.78* 

NS = Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant (P<0.01) 
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Table 7: Analysis of variance for leaf area (cm2) 

 

Source of variation Degrees of 

freedom 

Sum of squares Mean squares F-value 

Irrigation (Irr) 

Treatment (Tr) 

Irr x Tr 

Error 

Total 

2 

2 

4 

18 

26 

  11604 

 102301 

   1328 

   4079 

 119312 

5802 

51150 

  332 

  227 

25.60** 

225.70** 

  1.46NS 

NS = Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant (P<0.01) 

 

Table 8: Analysis of variance for 1000-seed weight (grams) 

 

Source of variation Degrees of 

freedom 

Sum of squares Mean squares F-value 

Irrigation (Irr) 

Treatment (Tr) 

Irr x Tr 

Error 

Total 

2 

2 

4 

18 

26 

3826.2 

20987.4 

  626.0 

 4650.4 

30090.1 

1913.1 

10493.7 

  156.5 

  258.4 

7.40** 

40.62**  

 0.61NS 

NS = Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant (P<0.01) 
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Table 9: Analysis of variance for yield (tons/ha) 

Source of variation Degrees of 

freedom 

Sum of squares Mean squares F-value 

Irrigation (Irr) 

Treatment (Tr) 

Irr x Tr 

Error 

Total 

2 

2 

4 

18 

26 

1.01059 

6.14961 

0.06381 

0.41677 

7.64078 

0.50530 

3.07480 

0.01595 

0.02315 

21.82** 

132.80** 

  0.69NS 

NS = Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant (P<0.01) 
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Appendix II 
 

 

Left panel (a) presents max recevied power (black line) and min  recevied power (blue line) for  different data links (L7-L12) dated12 

May 2014. Right panel (b) present max corrected  recived power (black line) and minimun correted recevied power (blue line) and 

reference data signal level (red line) for data link no (L7-L12) for same day dated 12 May 2014.  
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Left panel (a) presents max recevied power (black line) and min recevied power (blue line) for  different  tower links (L13-L8) dated12 

May 2014. Right panel (b) present max corrected  recived power (black line) and minimun correted recevied power (blue line) and 

reference data signal level (red line) for link no (L13-L18) for same day dated 12 May 2014.  

 

 


