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ABSTRACT 

The increase in contribution of renewable energy resources into the grid is a part of 

clever grid initiatives. The challenge of grid operators is to integrate the renewables 

such as solar energy into electrical energy. Because its intermittency due to weather 

variations. Despite this, the installed capacity of solar PV globally continues to 

increase. Thus, forecasting is becoming an important tool for the system grid operators 

to manage the solar photovoltaic (PV) energy production and satisfy the demand of 

energy consumers. Solar radiation measurement will be decreased when the 

atmospheric water vapor content is increased. This is due to absorption of solar 

radiation by water vapor in atmosphere and local weather activity. GPS data was used 

to find precipitable water vapor (PWV), zenith wet delay (ZWD) and zenith total delay 

(ZTD). Moreover, this project was investigated the interaction and relation between 

precipitable water vapor (PWV), weather data and solar irradiance were assessed. 

Solar irradiance was forecasted using two type of time series forecasting model in 

MATLAB. 
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ABSTRAK 

Peningkatan sumbangan sumber tenaga boleh diperbaharui ke dalam grid adalah 

sebahagian daripada inisiatif grid pintar. Cabaran pengendali grid adalah untuk 

menggabungkan tenaga boleh diperbaharui seperti tenaga suria ke tenaga elektrik. 

Hal ini menyebabkan perubahan cuaca. Walau begitu, kapasiti pemasangan solar PV 

di seluruh dunia terus meningkat. Oleh itu, ramalan menjadi alat penting bagi 

pengendali grid sistem untuk menguruskan pengeluaran tenaga suria fotovoltaik (PV) 

dan memenuhi permintaan pengguna tenaga.   Pengukuran sinaran suria akan 

berkurang apabila kandungan wap air meningkat. Ini disebabkan oleh penyerapan 

sinaran matahari oleh wap air di atmosfera dan aktiviti cuaca tempatan. Data GPS 

akan digunakan untuk mencari wap air yang dapat diendapkan (PWV), zenith wet 

delay (ZWD) dan zenith total delay (ZTD). Lebih-lebih lagi, projek ini akan menyiasat 

interaksi dan hubungan antara wap air yang dapat diendapkan (PWV), data cuaca 

dan penyinaran matahari akan dinilai dan selanjutnya digunakan dalam ramalan 

radiasi matahari. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

1.1.1 Atmospheric Water Vapor 

More than 99 percent of atmospheric moisture is in the form of water vapor, and 

this vapor is the main source of atmospheric energy that drives the development of 

short-term weather systems and influences the climate on longer time scales. Water 

vapor is a critical component of the climate systems of earth. It is the main greenhouse 

gas on Earth, trapping more heat than carbon dioxide.  Water vapor diffusion and its 

related latent energy from vaporization is also responsible for nearly 50 percent of 

water transfer from the tropics to the poles. Typically, water vapor is the major source 

of differential atmospheric delay for measuring the GPS signals. 
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1.1.2 Atmospheric Propagation Delay 

Delays in the propagation path induced by the atmosphere are major contributors 

to the error in measuring GPS. As radio waves travel through the atmosphere of the 

planet, the radio signals are significantly affected by the variation of their refractive 

index, which primarily induces the delay of delivery, usually referred to as the 

tropospheric delay. 

 

1.1.3 Tropospheric delay 

Refraction has a dry component and a wet component in the troposphere. The dry 

component that contributes most of the delay is closely correlated with the 

atmospheric pressure, perhaps 80 percent to 90 percent. It is less difficult to degree the 

dry component than the wet component. Luckily, the dry component detail leads to 

the larger part of the troposphere's array failure, as the value of the lag because of the 

wet component is based on the incredibly variable distribution of water vapor within 

the environment. 

 

1.2 Problem Statement 

The problem faced with PV system is mainly due to the climate condition. It will 

be affecting the performance of solar PV panel and the output of PV is incompatible 

values with rated values. Specifically, there are many factors that could influence the 

power of solar PV such as wind speed, wind direction, temperature, relative humidity 

and mainly focus on water vapor. This will cause difficult to knowing the actual power 
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output of solar PV due to multiplicity amount of solar radiation and the ambient 

environmental factors in certain location. Integration of solar energy into the 

electricity network is becoming essential because of its continually increasing growth 

in usage. An efficient use of the fluctuating energy output of photovoltaic (PV) 

systems requires reliable forecast information. In fact, this integration can offer a 

better quality of service if the solar irradiance variation can be predicted with great 

accuracy. 

 

1.3 Objectives 

The objectives of the projects are as follows. 

A) To determine PWV, ZWD & ZTD from GPS data 

B) To investigate the interaction between Precipitable Water Vapor (PWV), 

weather data and solar radiation measurement. 

C) To forecast the short-term solar irradiance with PWV estimated from GPS 

receiver network. 

 

1.4 Scope of work 

This project is intended to forecast solar irradiance by determine the water vapor 

content in atmosphere using GPS receiver and collect weather data. Determination of 

water vapor and weather data will help make solar irradiance forecast more reliable 

and reduce the cost of the system. To estimate these, need some technique to use in 

this project. 
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First part, 4 months of GPS data were used to determines the delays occur and the 

water vapor in atmosphere by using GPS data which is zenith total delay (ZTD) and 

zenith wet delay (ZWD). By using these two parameters, precipitable water vapor 

(PWV) was calculated. 

Second part some parameters of local weather data were determined from weather 

station. Example parameters are temperature, pressure, solar irradiance, and humidity. 

Neural network in MATLAB software was used to investigate the relationship of 

water vapor & solar irradiance by create a model using statistical approach. By using 

these steps, the solar irradiance was forecasted based on atmospheric water vapor 

content from GPS data and weather data. 

 

1.5 Thesis 

The material of this thesis is split into five chapters such as introduction, 

background study, methodology, result and discussion, and conclusion.  

In chapter 1, the introduction of this project was explained. This starts by discussing 

about the project-related background studies. All the issue with the ventures was 

clarified after the context. The objectives are devised by examining the statement of 

the problem. It also clearly explains the project's scope or boundaries. In chapter 2, 

explains about the background studies related to the project had been conducted. The 

background study will include the GPS meteorology, atmospheric delays, solar 

irradiance, water vapor and data processing method of GPS data. 

In chapter 3, the flow of project methodology was explained, which is determine 

zenith delays occur in GPS signal and get values from GPS data. Precipitable water 
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vapor was computed using formula with some parameters includes in GPS data. Then, 

by determined the weather data, the relationship between water vapor and weather 

data was investigated. In chapter 4, was explained about the results of the project and 

briefly discussed about result obtained in project. Lastly, chapter 5 was explained the 

project conclusion includes with suggestion for future works have been reviewed in 

end of the chapter. 
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CHAPTER 2  

BACKGROUND STUDY 

2.1 Atmospheric Water Vapor 

The environment of Earth is classified into five primary layers: the exosphere, the 

thermosphere, the mesosphere, the troposphere, and the stratosphere. The troposphere 

is the closest level to the surface of the Earth. It is 4 to 12 miles (7 to 20 km) thick and 

has half the atmosphere of the Earth [1]. Close to the ground, air is warmer, and it gets 

colder. Nearly all the atmosphere's water vapor and dirt are in this area, which is why 

clouds are located here. 

 

2.1.1 Water vapor 

Water vapor is a critical component of the environmental processes on Earth. It is 

the largest greenhouse gas on Earth, generating more energy than carbon dioxide. 

Knowledge of reliable quantification of water vapor and analysis of its physical 

characteristics is critical to understanding how the global climate environment, such 
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as global warming, changes over time [2]. In addition, the water vapor within the 

environment is an important influence in the solar radiation depletion that comes thru 

the ecosystem to the Earth. The water vapor can soak up more than 10% of solar 

radiation traveling via the atmosphere, while the quantity of absorption depends on 

the water vapor inside the atmosphere. The rapid development of ground-based GPS 

networks provides a new source of information on water vapor. When ambient 

moisture affects the ozone refractivity, gaps in the satellite-receiver route include 

unique information about the overall troposphere and stratosphere water vapor. 

Consequently, GPS has become a standard PWV measuring technique [3]. 

 

2.2 Techniques for Atmospheric Water Vapor Observation 

2.2.1 Radiosondes 

One of the most common strategies for water vapor detection is radiosondes. This 

provides collection of instruments for simultaneous analysis and radio transmission of 

meteorological information, including atmospheric temperature, pressure, and 

humidity. As classic methods of collecting data on ambient water vapor, radiosondes 

typically do not provide the spatial and temporal precision needed for detailed weather 

and climate studies [4]. At most locations, these radiosondes are conducted twice a 

day and hundreds of miles away from each other. In comparison, configuration 

problems, poor data performance, and long-term performance influence these 

approaches [5]. 

 



21 

 

2.2.2 Water Vapor Radiometer 

During certain frequencies, radiometers passively evaluate the electromagnetic 

energy intensity. By scanning and measuring the temperature and brightness 

depending on the weather of the surface, the temperature of the sky and the dielectric 

constant of the surface, water vapor may be removed [6]. Water vapor radiometer uses 

high frequency power emission, usually between 23.8 and 31.4 GHz, comprising of 

antenna or scanning device, receiver, and data handling unit. However, water vapor 

radiometer operates only in certain weather condition with complicated 

calibration[4][7]. 

 

2.2.3 Global Positioning System 

The GPS comprises of 28 satellites broadcasting L-band radio signals at 19- and 

22-cm wavelengths on six orbital flights [8]. Despite being designed by the United 

States as a navigation aid. The amount of specialized civilian applications, the Air 

Force, has gradually increased over time. Civilian organizations from around the 

world have set up the International GPS Service (IGS) network, which comprises more 

than 100 international monitoring stations, offering 5-cm precision in orbit certainty 

to enable geodesic and geophysical testing activities. There are two main approaches 

for using GPS in the atmospheric sciences. 

2.2.3.1 Ground-based GPS Receiver 

Dual-frequency signals are obtained on ground-based receivers to acquire the 

transmission lag and therefore the combined water vapor along the GPS satellite route 

to the receiver. A potentially useful feature of GPS data is their very high temporal 

resolution (typically a few minutes), which has not been systematically explored so 
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far, but is expected to provide detailed information on fronts, squall lines, and other 

small-scale weather systems in the future [8]. In numerical weather prediction it could 

be used even more extensively than at present. Through comprehensive data 

assimilation, it is possible to better determine the high frequency transfer of liquid 

between the air and the ground of the earth [9]. 

 

2.2.3.2 Water Vapor from Satellite Based GPS Receivers 

Atmospheric sounding is achieved by means of a radio occultation technique 

utilizing low-earth orbit satellites (LEOs) which, when they grow and set relative to 

GPS satellites, calculate the difference in GPS signal frequency. The Doppler-shifted 

frequency calculations are used to determine the radio wave's bending angles, which 

are a result of atmospheric refractivity [8]. Refractivity is a function of the ionosphere's 

electron density and atmospheric temperature, pressure, and water vapor. The 

occultation soundings offer important information about the global atmosphere's 

temperature and water vapor environments, and together with ground-based GPS 

devices can help to better define the regional and mesoscale circulation of water vapor 

[9]. 
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Figure 2.1 Atmospheric surroundings by using a satellite-based GPS receiver 

 

2.3 GPS System Architecture 

The GPS system contains of three main segments: Segment Space, Segment 

Control and Segment User [10].  

The Space Segment consists of the satellites, their design, processing, and launch. 

The reference system consists of 24 operating satellites with a diameter of 26,559.7 

km in near-circular orbits. In terms of the equatorial pole, the satellites are grouped in 

six orbital planes with an angle of inclination of 55 degrees. Currently undergoing 

satellite design that will provide more efficient signals in addition to improved signal 

quality, precision and credibility that will enable efficiency, navigation, and timing 

services. GPS Space Segment's main functions are to relay radio-navigation messages 

with a different signal layout, and to store and retransmit the Control Segment's 

navigation text. Such communications were operated on board the satellites by 

extremely stable atomic clocks. 
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Figure 2.2 GPS satellite constellation - Make global or near-global 
continuous coverage. 

The satellites were monitored and controlled by the ground-based network known 

as the Control Segment. Control Segment contains a master control station, a regional 

array of monitor stations (now 16 monitor stations are positioned at different locations 

on Earth), an intermediate master control station, and 12 monitoring and command 

antennas [10]. GPS satellite signals are tracked by control stations. Such signals are 

then sent to the master control station where operating requirements are reviewed and 

updated before the command signals are returned to the GPS satellites. By ground-

based antennas they are sent out. 
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Figure 2.3 Basic operation of control segment 

The third section, known as the User Section, is made up of various antennas and 

receivers that provide commercial and science consumers with location, velocity, and 

precise timing. In addition to the military use of the GPS system [10]. GPS civil uses 

are increasing, such as us: navigation, geodesy, scheduling, monitoring, surveillance, 

transportation, fishing, cadastral, and some more else. Their main function is to collect 

GPS signals, evaluate pseudo ranges (and other observables), and solve the navigation 

formulas to acquire their positions and provide a very precise time. 

 

2.4 GPS Receiver 

The GPS receivers are designed for high-quality raw GPS data processing, analysis, 

and transition. Powerful positioning system for GPS receivers which offers several 

advanced features. First of all, the main feature ensures measurements of high quality 

using various GNSS constellations: GPS, GLONASS, GALILEO, COMPASS and 

SBAS [11]. Moreover, The Cloud Server installed provides wireless internet access. 
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The raw data can be sent to an existing FTP server immediately and registered users 

can access the raw data files stored in the station directly. Other than that, the receiver 

frequently acts as a reference station or as a fixed or wireless base station for 

applications in real-time as well as post-processing. In fact, raw data is available in 

RINEX (Receiver Independent Exchange) format, the default format for handling GPS 

receiver measurements. 

 

2.5 GPS Antenna 

The GPS transmitter is designed with an antenna that is responsible for detecting 

the GPS satellite broadcast L-band signals. It contains several types of characteristics, 

the potential to transmit signals from multiple frequencies and multi constellations 

[11]. The captured signal is GPS which contains L1 C/A, L1/L2 P, L2C, and L5. In 

addition, the capacity to ignore multipath stimuli from close sources that are fading 

and the phase center’s stability [9]. 

 

2.6 GPS Signal 

Global Positioning System (GPS) satellites relay microwave signals that enable 

GPS receivers to establish position and coordinated time on or near the Earth's surface. 

The U.S. runs the GPS system itself. Defense Department (DoD) used by the army as 

well as the public. GPS signals include signals ranging from satellite distance 

measurement to navigation messages. The navigation communications contain 

ephemeris details used to measure the satellite's location in space, as well as 

knowledge about the period and state of the whole satellite constellation, called the 
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almanac. The generated signals on board the satellites are based on or derived from 

the generation of a fundamental frequency of approximately 10.23 MHZ. The signal 

is controlled by an atomic clock and has a range of 10−13 stability over a single day 

[12]. Two carrier signals are produced in the L-band, denoted as L1 and L2, by means 

of integer multiplications of as much as possible. Carriers L1 and L2 are biphasic-

modulated codes to provide the receiver with satellite clock readings and to transmit 

data such as orbital parameters. There are two codes in the original GPS design which 

are the Coarse / Acquisition (C / A) code, which is freely available to the public, and 

the limited Precision (P) code, which is usually reserved for military applications [13]. 

 

2.6.1 Coarse/Acquisition code 

The C / A code is a 1,023-bit deterministic code-named pseudorandom noise (also 

pseudorandom binary sequence) (PN or PRN code) which repeats each millisecond 

while transmitted at 1,023 megabits per second (Mbit / s). Also fit, or closely correlate 

such sequences when they are perfectly matched. That satellite transmits a special 

PRN code that is inconsistent with the PRN code of any other satellite [13]. 

 

2.6.2 Precision code 

The P-code is also a PRN. Furthermore, the P-code PRN code for each satellite is 

6,1871 ~1012 bits long (6,187,100,000,000 packets, ~720,213 gigabytes) and runs 

only once a week and transmitted at 10.23 Mbps [13]. The extreme range of the P-

code improves its similarity benefit and prevents the variability of distance within the 
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Solar System. But the software is so long and complex that it was assumed that the 

receiver could not simply absorb and synchronize the signal on its own. 

 

2.7 GPS Observables 

2.7.1 Doppler measurements 

Doppler measurements were based on the Doppler effect, a characteristic of the 

electrical signal frequency change induced by the relative motion of the emitter and 

receiver and used to calculate the user's velocity vector [14]. The Doppler 

measurements are typically obtained in the GPS receiver by measuring the inner 

oscillator frequency setting which measures the incoming signal cycle. The calculated 

Doppler shift is not the actual calculation itself, but the difference from the raw inner 

oscillator measurement without any Doppler shift. 

 

2.7.2 Code-Pseudorange Measurements 

Code-Pseudorange metric is a function of the length or distance between the GPS 

satellite and the GPS receiver, more specifically the distance between the antenna of 

the receiver and the antenna of the satellite. Also known as pseudo ranging is the GPS 

range determination technique, which is defined as the discrepancy between the time 

of obtaining the signal (as measured by the receiver clock) and the period of 

transmission at the satellite. The transmitting time is measured by the peak receiver 

code and GPS signal connection analysis [14]. When we presume that both the satellite 

and the receiver clock (which governs the production of the signal) are completely 

synchronized, the receiver should produce an exact replica of that frequency when the 
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PRN message is sent from the satellite. After a while, the receiver can "pick up" the 

transmitted code (which is equal to the signal transit time in space). The receiver will 

measure the signal travel time by matching the transmitted message with its 

replication. By combining this travel time with the speed of light, the range between 

the satellite and the receiver will be given. The simple observational formula for the 

calculation of pseudo range between satellite s and receiver r in frequency band j can 

be written as: 

 𝑷𝒓
𝒔(𝒋) = 𝒑𝒓

𝒔 + 𝒄(𝜹𝒕𝒓 − 𝜹𝒕𝒔) + 𝜹𝒊𝒐𝒏𝒐(𝒋) + 𝜹𝒕𝒓𝒐𝒑 + 𝜺𝒓𝒙 + 𝜺𝒎𝒖𝒍 (2.1) 

 

where: 

  𝑃𝑟
𝑠(𝑗) is measured analysis of pseudo ranges. 

 𝛿𝑡𝑟 𝑎𝑛𝑑 𝛿𝑡𝑠
 are the receiver and satellite clock biases, 

 𝜀𝑟𝑥  is failure attributed to interference from the receiver, 

 𝜀𝑚𝑢𝑙  is failure in the multipath calculation, 

 𝛿𝑖𝑜𝑛𝑜(𝑗) 𝑎𝑛𝑑 𝛿𝑡𝑟𝑜𝑝 are ionosphere and tropospheric effect. 

 

2.7.3 Carrier phase Measurements 

The carrier phase is a calculation of the phase gap now of transmission between the 

transmitted satellite signal and the receiver-generated carrier signal. The range in this 

calculation is the sum of the cumulative number of full carrier cycles and fractional 

cycles at the receiver and the transmitter, compounded by the carrier wavelength, 
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where a loop is a maximum carrier wave and the uncertain amount of cycles of carrier 

phase measurement is called uncertainty [14]. Because the carrier phase wavelength 

(e.g. 19 cm for L1 frequency) is much shorter than the coding wavelength, the carrier 

phase calculation is more reliable, however carrier phase observables are required for 

an average carrier phase analysis. 

 

2.8 Estimating Water Vapor from Ground-based GPS Observation 

Atmospheric water vapor can be measured to refractivity (bent and slowed) by 

using ground-based GPS receivers. Atmospheric refractivity creates a lag in the GPS 

signal relative to that predicted if the atmosphere did not interfere. The ionosphere, an 

area of charged particles between 50 and 1000 km above the surface of the earth, is 

the greatest source of delays in atmospheric transmission. Furthermore, because the 

refraction in a loaded medium depends on the distance, this influence can be avoided 

by using dual-frequency GPS detection. The atmosphere is electrically neuronal (non-

ionized) up to 50 km above the earth's surface. The main sources of signal lag, 

especially in the troposphere, are variations in temperature, pressure, and water vapor. 

Tropospheric lag (tropospheric refraction) can be measured and transformed into 

atmospheric water vapor in precise GPS data collection. 

 

2.8.1 Zenith Total Delay 

Zenith Total Delay (ZTD) GPS measurement that is connected to the water vapor 

in the atmosphere. In the vertical direction, it's a delay ZTD is important because it 
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helps us to predict the weather [15]. Zenith Hydrostatic Delay and Zenith Wet Delay 

are two major components of the ZTD [16]. 

2.8.1.1 Zenith Wet Delay 

The Zenith Wet Delay is a wet part of the caused environment on the GPS signal 

and provides a way of detecting the Precipitable Water Vapor [16]. The ZWD refers 

explicitly to the PWV. The ZWD can thus be translated into the atmosphere's 

Integrated Water Vapor (PWV) material. ZWD is directly associated with 

temperature. 

 

2.8.1.2 Zenith Hydrostatic Delay 

The Zenith Hydrostatic Delay (ZHD), also known as Zenith Dry Delay, can be 

measured by using equation below from the local surface pressure [17][18]. 

 
𝑍𝐻𝐷 = (2.779 ± 0.00024)

𝑃𝑆

𝑓(𝜆𝐻)
 

(2.2) 

 

Where, 

Ps is the surface pressure and its unit in millibars 

 

𝑓(𝜆𝐻) is a factor accounting for the variation in gravitational acceleration with 

latitude and height 

The ZHD is subtracted from ZTD to get the Zenith Wet Delay (ZWD). 
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2.8.2 Precipitable Water Vapor 

Precipitable water vapor is a depth of water in a vertical column of air in the 

atmosphere of water vapor. At solar and terrestrial wavelengths, the water molecule 

creates strong bands of absorption. Gaseous absorption and release of thermal airborne 

radiation, for instance, is mainly due to bands of water vapor absorption below 7.6 lm, 

between 13 lm and 16 lm, and above 22 lm. Additionally, in the hydrological cycle, 

the vapor phase plays an important role, affecting the climate and weather systems.  

The existence attenuates airborne electromagnetic radiation, which is critical for 

astronomy, radar, telecommunications, and remote sensing. The temperature of the 

atmosphere is strongly affected by precipitable water vapor at all levels. 

Assuming that water vapor is a perfect product, the absolute humidity q at sounding 

point z was obtained through a classic formula extracted from an ideal gas state 

equation [19]: 

 
𝑃𝑣(𝑧) =

217 × 𝑅𝐻(𝑧) × 𝑒(𝑧, 𝑇)

𝑇
 

(2.3) 

 

Where. 

𝑇 represents atmospheric temperature. 

 𝑅𝐻(𝑧) represents relative humidity of atmosphere. 

 𝑒(𝑧, 𝑇) represents atmospheric pressure. 
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By using these parameters, can calculate precipitable water vapor (PWV) using 

standard formula that given below. 

 
𝑃𝑊𝑉 = ∫ 𝑃𝑣(𝑧) 𝑑𝑧 

(2.4) 

 

2.9 Solar Irradiance 

Solar irradiance is the Sun's source of energy. It can be measured over a square 

meter by energy per unit area. Such radiant power is calculated and called the radiance 

of the sun. Specific sunlight wavelengths hit specific Earth's surface. It thus induces 

different temperatures on the Earth's different surface [20]. We feel hot, warm, or cold 

owing to the visible and ultraviolet radiation that enters the Earth's surface. However, 

the measures of Solar Radiation are not easily available due to the cost of calculating 

instruments and the criteria of repair and adjustment. In current research, very 

important to develop methods for measuring solar radiation in order to use it for solar 

energy applications, including developing and evaluating energy conversion devices 

and architectural design [21]. The three elements of solar radiation are: Global Solar 

Radiation (GSR), Clear Solar Radiation and Diffuse Solar Radiation. By conduct 

research of Unit of Applied Research in Renewable Energy in Ghardaia, Algeria, using 

Global Solar Radiation (GSR) component collect some data of clear days and come 

out with solar irradiance versus time series. 
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Figure 2.4 Two clear days’ solar radiation record 

Global surface solar radiation has increased by about 1.5 W m-2 over 30 years (in 

line with a solar power station's lifetime), representing a small percentage of the global 

average radiation of 190 W m-2. The reanalysis shows some discrepancy for solar 

radiation, but the trend sign is consistent (positive over land, global negative) [22].  In 

recent times, solar energy supplies have changed, with changes in solar activity that 

change the global rate of solar production. This can have an impact on photovoltaic 

and concentrated solar power generation of electricity. 

 

2.9.1 Solar Smart Grid (PV) System 

Solar-grid integration is a network that makes a significant penetration of PV in the 

regional power grid. This is an important technology because the incorporation of 

regulated PV systems in grids optimizes the energy balance of homes, improves the 

economy of the PV sector, lowers operating costs, and adds value for customers and 
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utilities. Solar-grid integration is now a common practice in many countries around 

the world as demand for alternative clean energy as opposed to fossil fuel is increasing.  

Variability of insolation is a major challenge. The amount of generation from 

Photovoltaic or PV systems at any location and time depends on the amount of 

insolation or sunlight. Instability on the grid could be induced by both under 

generation and over generation. Climate changes are main factor to the variability of 

insolation [23]. It will be affecting the performance of solar PV panel and also the 

output of PV is incompatible values with rated values. Specifically, there are many 

factors that could influence the power of solar PV such as wind speed, wind direction, 

temperature, relative humidity and mainly focus on water vapor. Figure 2.9.1.1, based 

on research, proved that the effect of water vapor on solar cells performance [24]. 

 

Figure 2.5 Global spectral irradiance as a wavelength variable of different 
water vapor values. 
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2.10 MATLAB Software 

MATLAB is a high-performance programming language. This incorporates the 

framework of modeling, visualizing, and scripting. MATLAB is also a modern 

language framework for computing: it has complex data structures, provides built-in 

editing and debugging tools, and embraces object-oriented programming. These 

factors make MATLAB’s perfect teaching and study platform. It has powerful built-

in routines that allow for a wide range of computations [25]. It also has easy-to-use 

graphics commands that provide direct analysis of performance. Different programs 

are provided in the toolbox boxes. Signal processing toolboxes, mathematical 

computation, control theory, simulation, optimization, and several other areas in 

applied science and engineering are available. 

 



 

 

 

CHAPTER 3  

METHODOLOGY  

The section would explain the approach specifics used to complete the task. 

Approach is described as the study of the concepts of processes, guidelines and a 

process or collection of procedures that were challenged for the completion of the 

project. Methodology is, in addition to research design, one of the key factors in 

determining the effectiveness of loss research.  

There are many observations or approaches that are collected from the paper for 

future studies which contribute to this project. The method is used to accomplish the 

project's goal to achieve a successful outcome.  
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3.1 Flowchart of research project 

 

Figure 3.1 Flowchart of research project 
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The operation of interaction between solar irradiance and water vapor was start by 

receiving and storing GPS data by the GPS Receiver. The GPS data was proceeded to 

estimate the water vapor content such as PWV, ZWD and ZTD parameters. At the 

same time, local weather data like temperature, solar irradiance, relative humidity, and 

pressure is also were measured and stored the data. To gain comprehensive result, the 

obtained water vapor values and local weather data was represented in graphical form 

by using statistical method which is MATLAB software and Neural network model 

was created. Model accuracy or validity was checked to forecast. After that, data that 

used to create model was predicted using time series forecasting model. Finally, the 

solar irradiance was forecasted by indirectly and directly. Indirectly method, which 

feed in the predicted data into trained neural network to forecast solar irradiance. For 

directly, that solar irradiance was forecasted by using time series forecasting model. 

 

3.2 Literature Review 

Literature review will proceed the project to the further steps after identifying the 

objectives, problem statement and scope of work. Literature reviews help to 

understand fully about every element of this project. Focused to this project, mainly 

for identifying the relationship between solar irradiance and atmospheric water vapor 

using ground-based GPS. Hence, background studies help to understanding about how 

GPS performs to identifying and analyzing data needed to estimate precipitable water 

vapor. Temperature, pressure, humidity, pressure, zenith total delay (ZTD), zenith wet 

delay (ZWD) and zenith dry delay (ZHD) are the main parameters that help to 

determine precipitable water vapor. Moreover, literature review will guide to get GPS 
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data by the GPS techniques to determine zenith delay, estimate water vapor and 

forecast solar irradiance. 

 

3.3 Data processing of Rinex GPS Data and Weather Data 

3.3.1 Research on Atmospheric Water Vapor and Ground Based GPS 

Receiver 

Beginning of this project, some research is carried out on water vapor and GPS 

section. In this project, most of the research documents and reference articles are 

getting from outsides. By referring the documents and articles, some of the researchers 

use same method to be identifying and analyzing the atmospheric water vapor. To start 

this project by research on analyzation water vapor, generally can understand the 

working principle of ground-based GPS, important role of water vapor to global 

climate and effect to the solar power generate. 

For this project, firstly focus on determine some parameters on GPS signal delay 

and estimating the water vapor. In UTeM, local weather data and GPS observation 

data were collected. 

 

3.3.2 Process flowchart for RINEX GPS data 

Firstly, the GPS data was collected from FKEKK weather station in form of RINEX 

file. RTKLIB software was used for processing the data from the RINEX file with 

specification of double difference technique. By using the technique, the Zenith Total 

Delay was estimated and stored in a file format. Figure below was showing the 

flowchart to estimate ZTD. 
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Figure 3.2 Flowchart of estimate ZTD 

 

3.3.3 RINEX GPS Data 

This project begins with doing research on atmospheric water vapor and the 

ground- based GPS. For the 1st step, GPS data is collected from the GPS receiver in 

form of raw file and format as RINEX file. This GPS file is compressed in one folder. 

It contains three types of files which is observation file (. O), navigation file (. N) and 

meteorological (. G) file.  To estimate the ZTD value, only observation and navigation 

file needed. 
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3.3.3.1 Observation file 

The following figures show the sample observation file and navigation file of 

November 11, 2019. In RINEX observation file observed by using RTKLIB software. 

This RINEX GPS data is get from UTeM. By using RTKLIB software, will process 

the data to get furthermore parameters. In this observation file, contains code/ pseudo 

range, phase error, ionosphere phase delay, receiver channel numbers and antenna 

position. Moreover, this observation data will record in every 30 seconds. This RINEX 

file in version 2.11 and the observer for this file is Micheal W. Walsh and agency of 

SERIS. For the first observation recorded on 11/11/2019 pure GPS file. 

 

Figure 3.3 RINEX observation file of November 11, 2019 

 



43 

 

3.3.3.2 Navigation File 

Other than that, navigation file (. N) also, important to estimate water vapor. This 

file contains the satellite positions and satellite numbers that transmit signal. This 

navigation message provides all the basic information to active the ability of 

positioning service. This navigation data includes the Ephemeris parameter, which 

used to calculate the position of each satellite with high accuracy. Figure 3.2 shows 

navigation file on November 11, 2019. 

 

Figure 3.4 Navigation file of November 11, 2019 

 

3.3.4 Data Processing of RINEX file 

GPS signal propagation used two type of frequencies which is L1 and L2. The 

signal frequencies will be recorded in GPS observation data (. O) file. By using these 
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two frequencies, the delay of the signal will be observed. The usage of two difference 

frequencies is called double difference technique. RTKLIB is one of the software 

process the GPS data by using double difference technique. 

 

Figure 3.5 RTKLIB software option window for double difference technique 

 

3.3.5 Data preparation to Estimate Water Vapor 

3.3.5.1 RINEX GPS file process 

The RINEX data is the one of the main parameters that help to estimate water vapor 

day by day. By using the RINEX GPS data, will get some parameters which are 

longitude, latitude, height of the GPS Satellite and Zenith Total Delay. The following 

figures are the steps to determine these parameters using RINEX GPS data. 
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Figure 3.6 Main interface of RTKLIB software 

Firstly, using RTKLIB software, include observation (. obs) and navigation (.nav) 

files of same date recorded. Secondly, verify the process using dual difference 

frequencies (L1-L2) and set interval to record data for every 60 secs. After the 

verification, execute the process and come out with post file and stat file. Post file 

contains longitude, latitude, height, slant delay from the GPS data and the Stat file 

contain the tropospheric delays which declare as zenith total delay. This process will 

repeat again to record each, and every day data collected from FKEKK Lab. 
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Figure 3.7 Post file of GPS data 

 

3.3.5.2 Data preparation 

After the post file generated, analyzed the relevant data into Excel file. By creating 

the Excel file, it will help to calculate the data of water vapor (PWV). The data of GPS 

has been collected for 5 months and recorded into several sheets. Relevant weather 

data (temperature, humidity, pressure, and solar irradiance) also collected and 

compiled into every sheets. Each day, the data has been collected from 7am to 7pm. 

The analyzed data was obtained from each minute of the duration stated earlier. 
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Figure 3.8 Data collection in Excel file 

 

3.3.6 Estimate Water Vapor 

3.3.6.1 Zenith Total Delay 

ZTD is a significant parameter for estimating the PWV, as discussed in literature 

review. We will evaluate the ZTD by using the RTKLIB code. To generate ZTD, 

which is a raw data file for GPS observation and GPS navigation data file, two files 

are needed. Both files have some parameters that help calculate the total zenith delay 

such as duration, pseudo range, period, angle, and intensity of the satellite. 
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Figure 3.9 Main window of RTKPOST 

RTKPOST is one of the applications that generate the ZTD values. By add and 

execute observation file (. O) and navigation file (. N) in this application, the STAT 

file generates automatically. From the STAT file, can observe the tropospheric delay 

($TROP) which is ZTD. Moreover, from the STAT file, can determine the coordinate 

position of satellite. 
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Figure 3.10 STAT file generated from RTKPOST with ZTD 

 

3.3.6.2 Zenith Hydrostatic Delay (Dry Delay) 

After observed ZTD value from STAT file, ZHD need to be calculated. Some 

parameters from the equation ZHD taken from the local weather data that collected 

from FKEKK. By using the equation below, the ZHD can be calculated. 

 
𝑍𝐻𝐷 = (2.779 ± 0.00024)

𝑃𝑆

𝑓(𝜆𝐻)
 

(3.1) 

 

Where, the f(λH) represents function of latitude (λ) and ellipsoid height (H) which 

get from the generated file in RTKPOST. PS represents atmospheric pressure which 

can get from the local weather data. 
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3.3.6.3 Zenith Wet Delay 

From the observation above, using ZTD and ZHD values can determine the ZWD 

value using equation that get from overall research summarized. The equation for 

ZWD is given below:  

 𝑍𝑊𝐷 = 𝑍𝑇𝐷 − 𝑍𝐻𝐷 (3.2) 

 

By refer to the equation, about to extract the value of ZWD by subtracting ZHD 

observed from atmospheric pressure with GPS measured ZTD. 

3.3.6.4 Precipitable Water Vapor 

After obtained the values that has been discussed earlier, the precipitable water 

vapor can be calculated. The following equation used to calculate precipitable water 

vapor. 

 𝑃𝑊𝑉 = 𝑘. 𝑍𝑊𝐷 (3.3) 

 

Where the ZWD value calculated from the previous steps. k represents the global 

climatology which can estimate from specific equations using atmospheric 

parameters. The equation mentioned below: 

 
𝑘 =

108

[𝑅𝑣 (𝑘3
𝑇𝑚 + 𝑘′

2
⁄ )]

 
(3.4) 

 

Where RV = (461.525 ± 0.013) J/ (kmol K) is gas constant for water vapor, k3 = 

(373900 ± 1200) K2 Pa-1 and k2’ = (0.221 ± 0.023) KPa-1 which represents 
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refractivity coefficient Tm is mean temperature in atmosphere. Tm can be estimated 

from surface temperature (Ts) measurement using formula given below:  

 𝑇𝑚 = 70.2 + 0.72 (𝑇𝑠) (3.5) 

 

 

Figure 3.11 Data For Estimation Of Water Vapor (PWV) 

After precipitable water vapor calculated, two excel files prepared (input1 and 

output1). The input1 file contains of time, humidity, pressure, temperature, and water 

vapor. The output1 file contains solar irradiance. All the data has been collected and 

prepared for the data analysis process in MATLAB software. 

 

3.4 MATLAB Platform for Modelling 

After the data has been prepared, was imported into MATLAB software for data 

preprocess. The data was imported to MATLAB workspace and converted into 

numeric matrix value. The data was preprocessed by removing the zero values to 
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reduce the error of the Artificial Neural Network (ANN) model. Moreover, the data 

was transposed the variable from row to column. 

 

3.4.1 Neural Network Fitting 

Neural network fitting known as feedforward network. Feedforward networks are 

made of a combination of layers. The first layer has a Network Input relation. Through 

layer subsequently has a connection from the previous layer. The final layer generates 

output for the network. Feedforward network with sufficient hidden layers and enough 

hidden layers of neurons will suit any finite input-output mapping problem. The 

feedforward network coding in MATLAB was explained below. 

 

The x (input) value is representing the input1 and t (target) value is representing 

output1 from the MATLAB workspace which are imported from Excel file. 

 

For training, the network was used the default Levenberg-Marquardt algorithm 

(trainlm). The trainlm is regularly the quickest backpropagation calculation in the tool 

compartment and is strongly suggested as a first-decision managed calculation, 

although it requires more memory than different calculations. The network hidden 

layer size was set to 1000 value. 
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With these settings, the input vectors and target vectors were irregularly separated, 

with 70% utilized for training, 15% for validation and 15% for testing. 

 

The network was trained with the input and target data by using Levenberg-

Marquardt algorithm. 

 

The code above explained that after network trained, the network outputs, error and 

overall performance was calculated. 

 

The code above explained after trained network, it was view in network diagram 

which are include with layers. 
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3.4.2 Prediction using LSTM and ARIMA model 

The input file that has been used in neural network fitting was imported to 

workspace. The input variables which are humidity, temperature, pressure, and water 

vapor were separated into several files in form of double matrices. By using LSTM 

and ARIMA model, the future value has been predicted for 12 hours ahead. The 

different kind of models the predicted data was generated with varying values. 

3.4.2.1 LSTM Model 

The Long Short-Term Memory (LSTM) process helps a deep learning on long- and 

short-term dependencies in time series and sequence data between time stages. The 

LSTM model code in MATLAB was specified below. 

 

The measured humidity data was imported to workspace and declared as data. The 

humidity data was plotted which are recorded data from 7am-7pm. 

 

Next step, the data was separated into training data and testing data. The training 

data was separated for 90 percent which identified as dataTrain in code. The remained 

10 percent data for testing which can identified as dataTest in code. 
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Before the LSTM network trained, the training data was standardized by calculate 

mean and standard deviation of timeseries data. 

 

The code explained that the input data (XTrain) and output data (YTrain) was 

declared by separated the standardized data, respectively. 

 

The LSTM regression network created, and layers was defined as regression layer 

and specified the input and output layer as ‘sequenceInputLayer’ and 

‘fullyConnectedLayer’. LSTM layer was specified to required 100 hidden units. 
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The training option was detailed to train the LSTM regression network. The solver 

was set to ‘adam’ and trained for 250 epochs. To avoid the gradients from exploding, 

the threshold value was set to 1 and initial learn rate was specified to 0.005. 

 

The LSTM regression network was trained using the input output standardized 

data, defined layers, and the training options. 

 

In forecasting and prediction section, the testing data was standardized by using the 

previous calculation of mean and standard deviation. 

 

The trained LSTM regression network has been used to predict the future data. The 

XTrain data has been feed into the net. The predict data was stored as ‘YPred’ 
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according to number time step of test data. The predict data was computed by CPU 

using the ‘ExecutionEnvironment’ 

 

The predicted data was unstandardized using the parameters calculated. 

 

The root means square error (rmse) was calculated by compare the predicted data 

and test data. 

 

Figure was created with two subplots. In subplot (2,1,1) plotted the measured data 

and predicted data in one graph. In subplot (2,1,2) plotted difference between the 

predicted data and measured data and the calculated root mean square error (rmse) 

was displayed as title. 
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Moreover, the net was reset and update the data was predicted using the observed 

data to get more accurate. The same LSTM regression network code was used 

respectively to predict the temperature, pressure, water vapor and solar irradiance. The 

predicted data was collected from workspace to excel file. 

 

3.4.2.2 ARIMA Model 

ARIMA, short for 'Auto Regressive Integrated Moving Average' is really a class of 

models that 'clarifies' a given time arrangement dependent on its own past qualities, 

that is, its own slacks and the slacked figure mistakes, with the goal that condition can 

be utilized to estimate future qualities.  The MATLAB code that used for ARIMA 

model was explained below.  

 

The humidity data was imported to workspace and included into code. The length 

of data exhibit measurement was calculated and stored as ‘numObs’ in workspace. 

The humidity data was separated to training data as ‘logGDP’ and set predictor as 

‘cpi’.  The length ‘logGDP’ data was measured and stored as T variable. The time 

series forecast of data was declared as ‘frstHzn’. The test data for prediction was 

declared as ‘hoCPI’. 

 



59 

 

The regARIMA model was created as ‘ToEstMdl’ and specified using lags value 

(1,1,1). The autoregressive polynomial degree (‘ARLags’) was set as 1, which the 

vector must be in positive integer. The moving average polynomial degree 

(‘MALags’) was set to 1 and the nonseasonal polynomial degree (‘D’) was set to 1.  

 

For a process of combined error, the intercept is not visible. So, correct its value 

before estimation. Simple linear regression has been used to estimate the intercept.  

 

The predict value was estimated by using the created model (‘ToEstMdl’) and the 

predictor (‘cpi’). 

 

The predicted data was forecasted using the estimate model according to the time 

series forecast (hoCPI). ‘gpdF’ contains the predicted value in specific period and 

‘gdpMSE’ contains the predicted errors in specific period. 
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The figure was created and the predicted data in specific period was plotted. The 

regression ARIMA steps were repeated for predict data of temperature, pressure, water 

vapor and solar irradiance. 

3.4.3 Predict Solar Irradiance using trained Neural Network 

All predicted inputs from LSTM and ARIMA model was imported to MATLAB 

workspace. Using the trained Neural Network and predicted inputs, the solar 

irradiance was estimated. The flow of predict solar irradiance code was explained 

below. 

 

The trained Neural Network was verified by their layers, performance functions, 

training parameters, and the net was viewed. 

 

The predicted inputs using the LSTM model was imported as ‘lstm251minsdata’ 

into MATLAB workspace. The predicted inputs were feed into the trained network. 
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The predicted solar irradiance was stored in MATLAB workspace as 

‘ypredictsolar_521’. 

 

The predicted inputs using regArima was imported as ‘regArimapredictedInput’ 

into MATLAB workspace. The predicted inputs were feed into the trained neural 

network and the solar irradiance was predicted and stored as ‘ypredictsolar’. 

 



 

 

 

CHAPTER 4  

RESULTS AND DISCUSSION 

The result obtained from the previous methodology will be discussed here. All 

results will be displayed in the form of a graph, table, and image to show the 

relationship and trend of the collected data. All the data collected are studied and 

analyzed accordingly. This section findings of the study will be used to review the 

aims of the project. 
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4.1 Introduction 

The aim of this chapter is to present the outcomes of the project in statistical 

method. This chapter was started with results from the neural network fitting which 

known as feedforward network. Secondly, the comparison of predicted input value 

which are humidity, temperature, pressure, and water vapor was done by the LSTM 

and ARIMA model trained. Next, the prediction of solar irradiance indirectly by the 

trained neural network model using the predicted value from the LSTM and ARIMA 

model was compared in short-term and long-term forecasting. Moreover, the solar 

irradiance was directly predicted using LSTM and ARIMA model and was compared 

it. Finally, the directly and indirectly methods of solar irradiance prediction were 

compared. 

 

4.2 Neural Network Fitting 

The network parameters are different each time it initializes a feedforward network 

and may generate different solutions. If the network is not reliable enough, it should 

try again to configure the network and the training. Accuracy of the model is more 

important in this research. Accuracy of model was analyzed by observe overall R-

value that clarified the relationship between target and output value of the model 

trained and the R-value must nearer to 1. Several approaches were observed to 

improve the model accuracy. The network model was trained from the minimum value 

of hidden neurons in layers which in default value of 10. While trained the network in 

minimum value of the hidden neurons, the R-value was observed. In this research, 

1000 hidden neurons were implemented for network trained. 
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Figure 4.1 Correlation coefficient of Neural Network model 

The figure above representing the relationship between target value and output 

value of the model trained using 1000 hidden neurons. The four plots represent the 

training, testing, validation, and overall data. The solid line reflects the linear 

regression line that best matches between outputs and goals. The training and all over 

result indicated a good fit for the model. The validation and testing results also shown 

the large value of R which are nearer to 1. In this scatter plot was effective in 

explaining poor fits to some of the other data points. The scatter plot of testing model, 

some of the data were not fit to the target. 
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Figure 4.2 Performance of trained network model 

The figure above was shown the best validation performance of trained neural 

network model. The graph was plotted with training errors, validation error and test 

error occurred while the model was trained. This training stopped since its validation 

error for six iterations increased which happened at iteration 160. The validation 

performance was occurred at epochs 154. Moreover, the training error and testing error 

had similar characteristics. 
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Figure 4.3 Error histogram of trained network model 

The figure above was shown the error histogram that occurred in difference 

between target value and output value (predicted value from neural network model). 

The error histogram consists of blue, green, and red bars which are represents training 

data, validation data and testing data, respectively. The histogram could provide with 

an indication of extreme values, which are data points where fit is considerably worse 

than most data. From the histogram, the error was fall in between -500 to 500 value. 
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4.3 Comparison between LSTM and ARIMA model of input prediction 

To forecast the solar irradiance in trained neural network model, the inputs that 

feed into network model need to be predicted. LSTM and ARIMA model were worked 

for predict every input which are feed into network model to forecast the solar 

irradiance. Humidity, temperature, pressure, and water vapor are the inputs of network 

model that were predicted using LSTM and ARIMA model. To compare the 

performance of LSTM and ARIMA model prediction, the Root Mean Square Error 

(RMSE) was calculated. The RMSE will measure the differences between actual value 

and predicted value. Moreover, RMSE used for examining the accuracy of the model 

prediction. 20 days data was analyzed for the input prediction and the data was 

separated for training and testing. 

4.3.1 Humidity Prediction 

 

Figure 4.4 Humidity prediction using LSTM model 
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Figure 4.5 Humidity prediction using ARIMA model 

Figure 4.3 and figure 4.5 was shown the humidity prediction using LSTM and 

ARIMA model. The humidity data was predicted start from 10am to 7pm. The RMSE 

of the LSTM model for humidity prediction is about 6.253 and RMSE of the ARIMA 

model prediction about 0.74918. By comparing the RMSE of both models, RMSE of 

ARIMA model is lower than the RMSE of LSTM model. 

4.3.2 Temperature prediction 

 

Figure 4.6 Temperature prediction using LSTM model 
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Figure 4.7 Temperature prediction using ARIMA model 

Figure 4.6 and figure 4.7 was shown the temperature prediction using LSTM model 

and ARIMA model. The data was predicted from 10am to 7pm. The RMSE of the 

LSTM model is 1.8176 and RMSE for the ARIMA model is 0.12545. For LSTM 

model, the predicted data was good in range of 0 to 170 and 400 to 520. By comparing 

the RMSE of both models, ARIMA model more accurate than LSTM model. 

4.3.3 Pressure prediction 

 

Figure 4.8 pressure prediction using LSTM model 
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Figure 4.9 pressure prediction using ARIMA model. 

Figure 4.8 and figure 4.9 was shows the pressure prediction using LSTM model 

and ARIMA model. The data was predicted from 10am to 7pm. The RMSE of the 

LSTM model is about 1.1364 and RMSE of ARIMA model is about 0.066153. By 

analyzing the RMSE of both models, ARIMA model prediction closer to the actual 

value compare to LSTM model. 

4.3.4 Water Vapor prediction 

 

Figure 4.10 Water Vapor prediction using LSTM model 
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Figure 4.11 Water Vapor prediction using ARIMA model 

Figure 4.10 and figure 4.11 was shown the water vapor prediction using LSTM 

model and ARIMA model. The data was predicted from 10am to 7pm. The RMSE of 

the LSTM model is about 10.6799 and RMSE of ARIMA model is about 0.31592. By 

examining the RMSE of both models, ARIMA model prediction closer to the actual 

value compare to LSTM model. 

 

4.4 Comparison of solar irradiance prediction using indirectly and directly 

method 

The solar irradiance was predicted using indirectly and directly method. The 

indirectly method is predicting the solar irradiance using the trained neural network 

model with predicted inputs from LSTM and ARIMA model. The directly method is 

predicting the solar irradiance directly from LSTM and ARIMA model. 
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4.4.1 Predict the solar irradiance indirectly 

According to the indirectly method, the predicted input data from LSTM and 

ARIMA model was feed into trained network model to predict the solar irradiance. 

The predicted input data was collected from 10am to 7pm. The predicted solar 

irradiance was observed for 1 hour ahead, 3 hours ahead and a day ahead (10am to 

7pm). 

4.4.1.1 Solar irradiance prediction using LSTM predicted inputs. 

 

Figure 4.12 Solar irradiance prediction for 1 hour ahead 

Figure 4.12 was shown the prediction of solar irradiance in trained network model 

with LSTM model predicted inputs. The graph was showing the solar irradiance 

predicted value for 1 hour. The RMSE for 1 hour is about 565.3156. From 0 to 15, the 

data was not predicted accurately by the trained network model. Because of that data 

point, the RMSE become higher. 
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Figure 4.13 Solar irradiance prediction for 3 hours ahead 

Figure 4.13 was shown the prediction of solar irradiance in trained network model 

with LSTM model predicted inputs. The graph was showing the solar irradiance 

predicted value for 3 hours. The RMSE for 3 hours is about 367.4505. The RMSE was 

improved compared to RMSE for 1 hour, most of data was predicted nearer to actual 

values. 

 

Figure 4.14 Solar irradiance prediction from 10am to 7pm 
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Figure 4.14 was shown the prediction of solar irradiance in trained network model 

with LSTM model predicted inputs. The graph was showing the solar irradiance 

predicted value for 9 hours which from 10 am to 7pm. The RMSE for 3 hours is about 

329.8761. The RMSE for 9 hours was improved compared to RMSE for 1 hour and 3 

hours, most of data was predicted nearer to actual values.   

4.4.1.2 Solar irradiance prediction using ARIMA predicted inputs. 

 

Figure 4.15 Solar irradiance prediction for 1 hour ahead 

Figure 4.15 was shown the solar irradiance prediction in trained neural network 

using ARIMA model predicted inputs. The graph was showing the solar irradiance 

prediction for 1 hour. The RMSE of 1hour prediction is about 103.7962. Most of the 

error between predicted value and actual value was occurred in range of 0 to 100. At 

data point 56, the difference between predicted and actual value was recorded for 300. 
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Figure 4.16 solar irradiance prediction for 3 hours ahead 

Figure 4.16 was shown the solar irradiance prediction in trained neural network 

using ARIMA model predicted inputs. The graph was showing the solar irradiance 

prediction for 3 hours. The RMSE of 3 hours prediction is about 118.1605. The highest 

error was recorded in a range of 400 at data point of 112. 

 

Figure 4.17 Solar irradiance prediction for 10am to 7pm 
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Figure 4.17 was shown the solar irradiance prediction in trained neural network 

using ARIMA model predicted inputs. The graph was showing the solar irradiance 

prediction for 9 hours which from 10 am to 7 pm. The RMSE of 3 hours prediction is 

about 118.4069. The highest error was recorded in a range of 500 at data point of 260. 

 

4.4.2 Predict the solar irradiance directly 

According to the directly method, the solar irradiance was predict directly using 

LSTM and ARIMA model. The solar irradiance was predicted from 10am to 7pm. The 

directly predicted solar irradiance was observed for 1 hour ahead, 3 hours ahead and 

a day ahead (10am to 7pm). 

4.4.2.1 Predict solar irradiance directly from LSTM model. 

 

Figure 4.18 Solar irradiance prediction for 1 hour ahead 
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Figure 4.18 shows the prediction of solar irradiance directly from the LSTM model. 

The statistical graph was shown the solar irradiance predicted for 1 hour which start 

from 10am to 11am. The RMSE of the 1-hour prediction is about 180.1565. From the 

graph was observed that the LSTM model was predicted the solar irradiance nearer to 

actual value at data point from 24 to 36 and 55 to 60 which was intercept. 

 

Figure 4.19 solar irradiance prediction for 3 hours ahead 

Figure 4.19 shows the prediction of solar irradiance directly from the LSTM model. 

The statistical graph was shown the solar irradiance predicted for 3 hours which start 

from 10am to 1pm. The RMSE of the 3-hours prediction is about 168.4725. From the 

graph was observed that at several data points the LSTM predicted solar irradiance 

was intercept with actual values which means at some of time model predicted solar 

irradiance accurately.  
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Figure 4.20 Solar irradiance prediction for 9 hours (10am – 7pm) 

Figure 4.20 shows the prediction of solar irradiance directly from the LSTM model. 

The statistical graph was shown the solar irradiance predicted for 9 hours which start 

from 10am to 7pm. The RMSE of the 9-hours prediction is about 166.1376. From the 

graph was observed overall that the predicted solar irradiance was followed the trend 

shaped of actual values. 

4.4.2.2 Predict solar irradiance directly from ARIMA model. 

 

Figure 4.21 solar irradiance prediction for 1 hour ahead 
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Figure 4.21 was shown the prediction of solar irradiance directly from the ARIMA 

model. The statistical graph was shown the solar irradiance predicted for 1 hour which 

start from 10am to 11am. The RMSE of the 1-hour prediction is about 72.1382. From 

the graph was observed that at data point 56, the difference between predicted value 

and actual value was recorded for 150. 

 

Figure 4.22 solar irradiance prediction for 3 hours ahead 

Figure 4.22 was shown the prediction of solar irradiance directly from the ARIMA 

model. The statistical graph was shown the solar irradiance predicted for 3 hours 

which start from 10am to 1pm. The RMSE of the 3-hour prediction is about 74.7376. 

From the statistical observation the maximum error reached around value of 220. 
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Figure 4.23 solar irradiance prediction for 9 hours ahead 

Figure 4.23 was shown the prediction of solar irradiance directly from the ARIMA 

model. The statistical graph was shown the solar irradiance predicted for 9 hours 

which start from 10am to 7pm. The RMSE of the 3-hour prediction is about 56.1151. 

Data point from 300 to the end, the model predicted value almost nearer to actual 

value. 

4.4.3 Comparison between indirectly and directly technique for solar 

prediction 

Table 1 comparison between indirectly and directly techniques with different 
predicted time and RMSE values. 

Technique Model Predicted time RMSE 

Indirectly Neural net – 

LSTM predicted 

inputs 

1 Hour 565.3156 

3 Hours 367.4505 

9 Hours 329.8761 

1 Hour 103.7962 

3 Hours 118.1605 
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Neural net – 

ARIMA predicted 

inputs 

9 Hours 118.4069 

Directly LSTM 1 Hour 180.1565 

3 Hours 168.4725 

9 Hours 166.1371 

ARIMA 1 Hour 72.1382 

3 Hours 74.7376 

9 Hours 56.1151 

The table was shown above, represents the comparison of RMSE values between 

indirectly and directly methods in different predicted time. The RMSE values were 

computed using the predicted values and actual values. The aim of determining RMSE 

values was choose the best accurate model for prediction.  

From the comparison table, in indirectly method, RMSE values of predicted solar 

irradiance using trained network with LSTM predicted inputs were decreased 

substantially, and RMSE values of predicted solar irradiance using trained network 

model with ARIMA predicted inputs were increased with longer time prediction. As 

shown in table, neural network model with ARIMA predicted inputs were used for 

short-term prediction and long-term prediction compared to LSTM model. 

For the comparison of LSTM and ARIMA model in directly method, RMSE of 

both models were decreased significantly with different time prediction. In this case, 

overall discussed that the ARIMA model RMSE lower than the LSTM model.  

For the overall comparison between indirectly and directly technique, ARIMA 

model prediction RMSE was lower than the LSTM prediction. Moreover, the solar 

irradiance predicted directly from ARIMA model more accurate compared to 

predicted using the trained neural network model with ARIMA predicted inputs. 
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CHAPTER 5  

CONCLUSION AND FUTURE WORKS 

The intension of this chapter is to summarize and the recommendation for the future 

development of this project. 

 

5.1 Conclusion 

The purpose of this project is to forecast the solar irradiance in short-term and long-

term according to the weather and water vapor. The first objective of this project is to 

determine water vapor from the GPS data. To archive this objective, the theory of 

water vapor calculation was studied well. The GPS data was used into RTKLIB 

software to find the zenith total delay. Then, zenith total delay (ZTD) was used and 

further calculation was done to estimate water vapor.  
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The second objective of this project is to investigate the interaction between water 

vapor, weather data and solar irradiance measurement. To archive this objective, the 

neural network model was designed with correlation coefficient (‘R’) of 0.92 overall. 

Moreover, the model was created and trained with input values of weather data and 

water vapor, and target values of solar irradiance. 4 months data which from 

23/10/2019 to 29/2/2020 was used to create the model. 

The third objective of this project is to forecast the short-term solar irradiance with 

weather data and water vapor estimated from the GPS data. To archive this objective, 

2 types of time series prediction model were used which are LSTM model and ARIMA 

model. The weather data and water vapor were predicted and feed into the trained 

network model to forecast the solar irradiance. Moreover, the solar irradiance was 

predicted directly from the LSTM and ARIMA model and observed with trained 

network. By compare the RMSE value from indirectly and directly method, ARIMA 

model was performed well which the predicted data nearer to the actual data. As 

conclusion, the objectives stated was achieved successfully. 

 

5.2 Future works 

     Currently the GPS data was retrieved from FKEKK weather station then process 

it. So, it makes the result shown might be area dependent. In future get some GPS data 

from outside weather station and observe the water vapor. Moreover, in future work, 

re-applying this method to other geographical location for model accuracy in a less 

regular climate. Other than that, longer period of data to gather studies in different 

seasons and climates such as sunny, cloudy, rainy, and etc. Moreover, forecast the 

solar irradiance for medium and long term.  
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