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ABSTRACT  

Geomagnetic storms pose a significant threat to modern communication systems and 
navigation technologies. They cause disturbances in the earth’s magnetic fields, 
ionosphere, and troposphere, leading to variation in zenith total delay (ZTD), which 
can result into position and navigation errors. The ZTD is a critical parameter 
affecting Global Navigation Satellite System (GNSS) and radio communication 
networks. 

This study investigated the impact of geomagnetic storms on zenith total delay ZTD); 
the research was structured around three primary objectives, That’s; identifying 
geomagnetic storms, determining the diurnal variation of ZTD, and analyzing ZTD 
variations during geomagnetic storm events. 

To identify geomagnetic storms, the study utilized data for the Distance storm time 
(Dst) index, which measures geomagnetic activity. In this study, three intense storms 
that occurred on March 18th, 2015, June 23rd, 2015, and December 20th, 2015 were 
identified with Dst index values of −234nT, −198nT, and −166nT, respectively. 

The results of this study show a distinct diurnal pattern, with ZTD values peaking in 
the afternoon and reaching their lowest levels during the early morning hours, with 
peak values of around 2.5 metres in the magnetic crest regions and with peak values 
of 1.8 metres in the magnetic equator regions. 

To assess the impact of geomagnetic storms on ZTD, the ZTD measurements during 
the identified storm dates were compared with the diurnal variation. The analysis of 
this research show that during the storms, ZTD varied up to 2.9 metres in the 
magnetic crest regions and up to 1.9 metres in the magnetic equator regions, with 
maximum deviations from quiet-day values of 0.1meter, that’s  ZTD increased by 
approximately 10% during storm periods, implying a disruption in the regular diurnal 
cycle. These deviations are attributed to ionospheric perturbations caused by 
enhanced geomagnetic activity, which increases the electron content in the ionosphere 
and consequently affects the delay of GPS signals. 

These findings reveal that the intensity and duration of the storms increase the 
magnitude and duration of ZTD variations. These findings have important 
implications for improving the accuracy and reliability of satellite-based applications 
during space weather events. 

Understanding these impacts is crucial for improving the reliability of communication 

and navigation systems during space weather events. Further research is 

recommended to develop predictive models that can mitigate the adverse effects of 

geomagnetic storms on ZTD and communication systems. 

Key words: geomagnetic storms, zenith total delay, GNSS, communication systems, 

ionosphere, troposphere, space weather.
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CHAPTER ONE: INTRODUCTION 

1.1 Background 

When the GNSS signals travel in the atmosphere from the satellites to the ground-based 

recievers on Earth, they are delayed by several processes (Bonafoni, Biondi, Brenot, & 

Anthes, 2019), specifically reflection and refraction processes depending on the optical 

density of the atmosphere, water vapour, hydrometeors (particularly the liquid content of 

the clouds and heavy rainfall) and other particles such as sand, dust, aerosols, and 

volcanic ash in the troposphere. This leads to a change in the signal’s velocity, thereby 

affecting the GNSS positioning accuracy (Papadimitratos & Jovanovic, 2008).  

 

Figure 1.1.1: Illustration of effect of fluctuation in optical density on signal 
propagation 

The delays or errors induced on GNSS signals during their propagation through the 

atmosphere are referred to as ionospheric and tropospheric delays (Ssenyunzi et al., 

2019). Ionospheric delay is caused by the presence of free electrons in the ionosphere 

which is the ionized portion of the upper atmosphere. The ionospheric delay is dispersive 

in nature and depends on the frequency of the signal (Bhattacharyya, 2022). It can be 
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eliminated by the use of a linear combination of two or multiple frequencies since the 

GNSS broadcasts at two or more separate frequencies. Unlike the ionospheric delay, the 

delay due to the neutral part of the atmosphere does not depend on signal frequencies 

(Younes, 2018). It is mostly caused by the troposphere and is referred to as the 

tropospheric delay. The tropospheric delay consists of the dry or hydrostatic and wet 

components. The wet component which is normally the largest source of inconsistency in 

the atmospheric delay, depends on the content of water vapour in the troposphere (Meyer 

& Jin, 2016). Therefore, this study focused on the tropospheric delay since it has turned 

out to be a very important source of information on atmospheric water content that is a 

vital ingredient in meteorology applications and climate studies. The total delay path 

mapped onto the zenith direction is referred to as the Zenith Tropospheric (or Total) 

Delay (ZTD) (Bock, Willis, Lacarra, & Bosser, 2010). The ZTD refers to the delay 

experienced by electromagnetic signals as they pass through the Earth’s atmosphere from 

space to the ground(Suparta, Alauddin, Ali, Yatim, & Misran, 2007). It is an essential 

parameter in various applications, such as GNSS, meteorology, and climate 

studies(Guerova et al., 2016). Accurate measurements of ZTD are crucial for precise 

positioning, and communication systems. 

The sun is continuous emitting huge amount of energy and charged particles into the 

space(Horányi, 1996). When the sun suddenly release huge amount of energy and 

charged particles, severe events such as solar flares and Coronal mass ejections 

occurs(Kahler, 1992).  

The huge amount of energy and charged particles released as a result of solar flares and 

Coronal mass ejections ionize the air molecules and cause interactions with the earth’s 

magnetic field resulting into disturbances in the earth’s magnetic fields, this disturbances 

are known as geomagnetic storms.(Schmieder, 2018).  

1.2 Problem statement 

The increased amount of energy and charged particles during geomagnetic storms results 

into heating of the ionosphere, fluctuations in the total electron content (TEC), and 

composition of air particularly oxygen and nitrogen as a result of ionization and 
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formation of new compounds. These have a great impact on the atmospheric water 

vapour content (the gaseous form of water that exist in the earth’s atmosphere). This has 

got a direct impact on the refractive index (optical density of air). Since GNSS signals 

travel through the troposphere as wave forms, fluctuations in the refractive index results 

into multiple refraction thus destructive interference (or even total internal reflection in 

severe case) of transmitted signal hence an interruption in communication systems or 

even communication blackout. 

Understanding the impact of geomagnetic storms on ZTD is essential for improving the 

accuracy of various applications that rely on precise positioning and weather forecasting. 

This study aims to investigate the impact of geomagnetic storms on ZTD by analyzing a 

comprehensive dataset of geomagnetic storm events and corresponding ZTD 

measurements. By examining the relationship between these two variables, we can gain 

insights into the underlying mechanisms and potentially develop models to predict ZTD 

variations during geomagnetic storms. 

The findings of this study will have practical implications for various sectors, including 

navigation, meteorology, and climate research. Improved understanding of the impact of 

geomagnetic storms on ZTD will enable more accurate positioning. It will contribute to 

the overall understanding of the Earth’s atmosphere and its response to external 

disturbances, such as geomagnetic storms. 

1.3 Aim 

 To investigate the impact of Geomagnetic Storms on zenith total delay 

1.4 Objectives 

 To identify a Geomagnetic Storm 

 To determine the diurnal and seasonal variation of ZTD 

To determine the ZTD during a Geomagnetic Storm. 

1.6 Scope 
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The study utilized the statistical Dst data for 16th to 18th March, 22nd to 24th June, and 21st 

to 23rd December, 2015 collected by world data centre kyotto and ZTD data collected by 

the IGS recievers one in the magnetic crest region (MAL2) and the other in the magnetic 

equator regions (ADIS). 

1.7 Significance 

The contributed to the wealthy of knowledge in this field 

The study provides mitigation models on how to mitigate the effects of geomagnetic 

storms on communication systems.  
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2.0 CHAPTER TWO: LITERATURE REVIEW 

2.1 Space weather events. 

The sun is continuously emitting huge amounts of energy and charged particles into the 

space. Various phenomena and disturbance in space are primarily driven by the sun’s 

activities. The sudden and intense bust of radiations and particles from the surface of the 

sun caused by release of magnetic energy stored in the sun’s atmosphere is termed as 

solar flare. 

 

Figure 2.1. 1: Solar flares 

The large scale explosion of plasma from the sun’s corona is known as coronal mass 

ejections (CMEs). (see figure 2.1.2) 
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Solar flare and CMEs constitute the main severe space weather events. These events 

affect the Earth’s atmospheric conditions and pause a big threat to the Earth’s technology 

specifically those technologies that rely on radio wave propagation through the 

atmosphere. 

2.2 Geomagnetic storms. 

The disturbance in the Earth’s magnetic fields caused due to the interaction between the 

earth’s fields and solar activities particularly solar flares and Coronal mass ejections are 

termed as geomagnetic storms (Parker, 1962). These solar activities release large 

amounts of energy and charged particles in space and cause variations in the total 

electron content (TEC) in the ionosphere(Gorney, 1990). These particles ionize and react 

with air molecules (oxygen and nitrogen) causing fluctuations in the composition of air. 

This results into variation in atmospheric water vapour content. These variations in the 

atmospheric water vapour content causes fluctuations in the in the optical density which 

results in bending of radio signals which may result into interference of transmitted radio 

signals and may result into communication blackout in severe cases(Nikolic, Bolton, 

Graves, Hills, & Richer, 2013). Communication blackout may occur due to destructive 

interference and total internal reflection that may occur during a storm. 

 

Figure 2.2. 1: Interaction of 
earth’s field and space weather events 

 

Figure 2.2. 2: Weakened earth’s 
fields due to space weather events 

2.3 Propagation of radio signals. 

For any radiometric space technique, such as those utilizing GNSS, it is necessary to 

account for the propagation delay caused by the neutral atmosphere (Elgered & Wickert, 

2017). Because of the nature of the neutral atmosphere, which is composed mainly of 
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gases including water vapor, radio signals are reflected or refracted when passing through 

the atmosphere, their speed reduces and the signals travel more slowly than the vacuum 

speed of light and the signals don’t travel in a straight line between the signal source and 

the reciever. Due to these changes in speed and direction, it takes longer for the signal to 

reach the reciever’s antenna than if they were traveling through a vacuum (Visser, 2012). 

This difference in time, which can also be represented in units of length, is the neutral 

atmosphere propagation delay. The magnitude of this delay depends on the profile of the 

refractive index along the signal’s path, which is determined by the values of total 

atmospheric pressure, temperature, and the partial pressure of water vapor(Nilsson et al., 

2013). The variation of these quantities at a particular location drives the variation of the 

delay from one day to another, over the different climate seasons. In the zenith direction, 

the neutral atmosphere delay at a relatively dry location at sea level is around 7.7 ns, or 

2.3 m, and it increases to more than 10 m for elevation angles of about 10, and to more 

than 20 m at 5 (Leandro, Langley, & Santos, 2008). Typically, one does not know the 

actual refractive index profile at a particular location, so prediction models are often used 

to account for neutral atmosphere delay, particularly in real-time positioning and 

navigation applications 

2.3 The ZTD. 

The total delay experienced by a satellite signal due to the combined effects of the 
troposphere and ionosphere, is termed as ZTD. The ZTD is a term used in the context of 
Global Positioning System (GPS) and other satellite-based navigation systems to describe 
the delay experienced by a signal as it travels from a satellite to a receiver on the Earth’s 
surface. This delay is caused by the signal passing through the Earth’s atmosphere, which 
affects its speed and path. ZTD can be broken down into two main components: 

Tropospheric Delay: This is the delay caused by the troposphere, the lowest layer of 
Earth’s atmosphere. The tropospheric delay is influenced by factors such as air pressure, 
temperature, and humidity. It has both a dry component, which is relatively stable, and a 
wet component, which can vary significantly due to the amount of water vapor in the air. 

Ionospheric Delay: This is the delay caused by the ionosphere, a layer of the Earth’s 
atmosphere that contains a high concentration of ions and free electrons. The ionospheric 
delay is primarily influenced by the density of free electrons, which can vary with solar 
activity, time of day, season, and geographic location. 
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The total tropospheric delay in slant path delay can be mapped to the zenith direction, 

yielding the Zenith Tropospheric Delay (ZTD) using a mapping function depending on 

the elevation angle of the satellite. The ZTD is defined as the addition of the Zenith 

Hydrostatic Delay (ZHD) and the Zenith Wet Delay (ZHD) which are the left and the 

right side of Equation (1): 

𝑍𝑇𝐷 =  𝑍𝐻𝐷 +  𝑍𝑊𝐷 − − − − − − − − − − − − − − − − − − − − − − − − − (1) 

∆ 𝑃𝐷 =  𝑚ℎ(𝐸)𝑍𝐻𝐷 + 𝑚𝑤(𝐸)𝑍𝑊𝐷 − − − − − − − − − − − − − − − − − − − (2) 

where 𝑚ℎ(𝐸) and 𝑚𝑤(𝐸) are the hydrostatic and wet mapping functions depending on 

the elevation angle. The ZTD can be determined as an integral of N in the zenith 

direction. 

The tropospheric delay can also be separated in the hydrostatic and the wet component. 

That’s, 

𝑍𝑇𝐷 =  10ି଺ න 𝑁𝑑𝑠
௭௘௡௜  ௗ௜௥௘௖௧௜௢௡

= 10ି଺ ቊන 𝑁ௗ௥௬𝑑𝑠
௪

௥

+ න 𝑁௪௘௧𝑑𝑠
௪

௥

ቋ − − − − − −(3) 

Equation (3) indicates that the Zenith Tropospheric Delay and the refractivity of the 

troposphere are related. Since the refractivity depends on meteorological conditions along 

the signal path, the ZTD can be related to these conditions. The ZTD is a parameter 

estimated in the Precise Point Positioning technique 
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3.0 CHAPTER THREE:  METHODS 

3.1 Identifying Geomagnetic storms 

Geomagnetic storms were identified using the Dst index; a measure of geomagnetic 

activities. The Dst index data was collected from world data centre Kyoto for March, 

June and December, 2015, using website address https://www.omniweb.gsfc.nasa.gov/. 

The Dst data obtained was plotted and periods of Geomagnetic Storms show sharp 

depressions in the in the magnetic flux density. 

The minimum amplitude of the Dst index was used to determine the intensity of the 

storm. That is, the storm is; 

Moderate if the Dst lies between −50 and −100 nT 

Intense if the Dst lies between −100 and −250 nT 

And super-storms if the Dst ≤ −250 nT 

3.2 Determination of diurnal variation of ZTD. 

The daily ZTD data for March, June,  and December, 2015, was obtained from existing 

datasets collected by the IGS recievers, one at the magnetic equator regions (ADIS) and 

the other at the magnetic crest regions (MAL2). Using the website address 

https://www.cosmic.edu/what-we-do-/suominet-weather-precipitation-data  

the ZTD data obtained was plotted to obtain the diurnal variation of ZTD. 

3.3 Determination ZTD variations during storm periods. 

The ZTD values during identified storm periods were extracted and compared with the 

base line diurnal pattern. The analysis focused on detecting the deviations in the ZTD 

values and correlating these values with storm intensity. 
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4.0 CHAPTER FOUR: RESULTS AND INTERPRETATION 

4.1 Identification of the storm. 

Three severe Geomagnetic Storms were identified in 2015; that is; 

 

 

Figure 4.1. 1: A severe geomagnetic storm with a minimum Dst index of −𝟐𝟑𝟒𝐧𝐓 

The sudden increase in Dst values to positive values (from 3 to 13nT) shown in Figure 

4.1.1 indicated the onset of a geomagnetic storm typically associated with the initial 

phase of the storm, known as the storm sudden commencement (SSC). This phenomenon 

D
st

 (
n

T
)
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was caused by the sudden compression of the Earth’s magnetosphere due to an impact 

from a solar wind shockwave or Interplanetary Coronal Mass Ejection (ICME). When a 

high-speed solar wind stream or an ICME, which is a large burst of solar wind and 

magnetic fields rising above the solar corona, hits the Earth’s magnetosphere, it causes a 

rapid increase in solar wind pressure. This increased pressure compresses the Earth’s 

magnetosphere on the dayside, leading to a sudden increase in the magnetic field strength 

detected by ground-based magnetometers near the equator. The sudden compression 

resulted in a short-lived increase in the horizontal component of the magnetic field, which 

caused the Dst index to spike to positive values. 

After this initial positive spike, the graph also show that the Dst index started to drop 
rapidly. The subsequent and rapid decrease in the Dst index to very big negative values 
less than −200nT indicates continued geomagnetic activity that led to weakening of the 
earth magnetic fields. This could have led to disruptions in satellite communications, 
power grids, and GPS systems, as well as increased auroras activity at high latitudes. 

The gradual increase of the Dst index indicated that the geomagnetic activity had 
subsided and that the Earth’s magnetosphere was returning to a more stable state. 
Recovery from a geomagnetic storm took several hours. 
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Figure 4.1. 2: A severe geomagnetic storm with a minimum Dst index of −𝟏𝟗𝟖𝐧𝐓 
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Figure 4.1. 3: A severe geomagnetic storm with a minimum Dst index of −𝟏𝟔𝟔𝐧𝐓 

The graph in Figures 4.1.3 show that for a few hours the average values of the Dst index 

were relative stable around the origin (ranging from −4 to − 11nT) indicating that there 

was no significant space weather event that happened during that time. The initial 

positive spike in Dst values at the onset of a geomagnetic storm was a result of the 

sudden compression of the Earth’s magnetosphere by an incoming solar wind shockwave 

or ICME. This phase was brief and was followed sudden fall in the Dst index to large 

negative, indicating a significant geomagnetic disturbance. The subsequent and rapid 

decrease in the Dst index to very big negative values less than −150nT indicates 

D
st

 (
n
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continued geomagnetic activity that led to weakening of the earth magnetic fields. This 

could have led to disruptions in satellite communications, power grids, and GPS systems, 

as well as increased auroras activity at high latitudes. 

The gradual increase of the Dst index indicated that the geomagnetic activity had 

subsided and that the Earth’s magnetosphere was returning to a more stable state. 

Recovery from a geomagnetic storm took few hours. 
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4.2 Diurnal variation of ZTD  

 

Figure 4.2. 1: Diurnal variation of ZTD for 16th March, 2015, recorded by the IGS 
at the magnetic equatorial region (ADIS) 

 

Figure 4.2. 2: Diurnal variation of ZTD on 16th March, 2015, recorded by the IGS at 
the magnetic crest region (MAL2) 
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Figure 4.2. 3 Diurnal variation of ZTD on 21st June, 2015, recorded by the IGS at 
the magnetic equator region (ADIS) 

 

 

Figure 4.2. 4: Diurnal variation of ZTD on 21st June, 2015, recorded by the IGS at 
the magnetic crest region (MAL2) 
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Figure 4.2. 5 Diurnal variation of ZTD for 19th December, 2015, recorded by the 
IGS at the magnetic equatorial region (ADIS) 

 

 

Figure 4.2. 6: Diurnal variation of ZTD on 19th Decenber, 2015, recorded by the IGS 
at the magnetic crest region (MAL2) 
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Diurnal variations exhibit a sinusoidal pattern, with ZTD values reaching peak levels 

during certain times of the day and dropping to minimum levels at others. 

Generally, ZTD values tend to be higher during the daytime and lower during the 

nighttime. This is because of factors such as solar heating, atmospheric convection, and 

changes in the ionosphere’s electron density, which influence the propagation of signals 

through the atmosphere. Thus, peaks in ZTD values around midday are due to the 

strongest solar heating, and troughs during the night are as a result of stabilized 

atmospheric conditions. 

The magnitude of diurnal variations varies depending on factors such as geographic 

location, season, and local atmospheric conditions. In regions closer to the equator, where 

solar heating is more intense and atmospheric dynamics are more pronounced, diurnal 

variations in ZTD tend to be more significant compared to regions at higher latitudes. 

Occasionally, sudden spikes or dips in ZTD values occur due to transient atmospheric 

phenomena such as passing weather systems, atmospheric disturbances, or geomagnetic 

activity.  
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4.3 Variation of ZTD during storm days 

 

Figure 4.3. 1: variation of ZTD during storm days in March, 2015 recorded by the 
reciever at the magnetic equator (ADIS) 

 

 

Figure 4.3. 2: Variations of ZTD during storm days of March, 2015 as recorded by 
the reciever in the crest region (MAL2) 
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Figure 4.3. 3: Variations of ZTD during storm days of June, 2015 as recorded by the 
reciever at the magnetic equator (ADIS) 
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Figure 4.3. 4: Variations of ZTD during storm days of June, 2015 as recorded by the 
reciever in the magnetic crest region (MAL2) 

` 

 

Figure 4.3. 5: Variations of ZTD during storm days of December, 2015 as recorded 
by the reciever at the magnetic equator (ADIS) 

 

Figure 4.3. 6: Variations of ZTD during storm days of December, 2015 as recorded 
by the reciever in the magnetic crest region (MAL2) 

During geomagnetic storm periods, the zenith total delay exhibits significant fluctuations, 

with a rapid increase in the zenith total delay values during the storm’s main phase and 

gradually decreases during the recovery phase. This variation is attributed to changes in; 

- The ionospheric electron density and tropospheric conditions such as increase 

ionospheric electron density, which in turn affects the propagation of signals from 

satellites to recievers on the ground. As a result, ZTD can experience rapid 

fluctuations during geomagnetic storms, with variations occurring over short time 

scales. 
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- SZAnd change in tropospheric water vapour content through processes like 

evaporation and convection, caused by geomagnetic storms. Increased water vapor 

content alters the refractive index of the atmosphere, affecting the speed at which 

electromagnetic signals propagate through it. As a result, the ZTD increases during 

storms due to the additional delay introduced by water vapour. 

4.4 Comparison of ZTD at the magnetic equator and the magnetic crest. 

The magnetic equator is the imaginary line around the Earth where the magnetic field is 

horizontal and its intensity is typically at its lowest. In contrast the magnetic crest, the 

field lines are not purely horizontal and are relatively high. These regions are typically 

found at higher altitude near the earth’s magnetic poles. 

The atmosphere’s composition and density vary with location and altitude. In regions 

near the magnetic equator, where temperatures are generally warmer and humidity levels 

are higher, the atmosphere is thicker and more variable. This can result in higher ZTD 

values due to increased atmospheric delay caused by factors like water vapor content, 

temperature gradients, and pressure variations. 

During a geomagnetic storm, the magnetic equator and crest are both influenced by 

geomagnetic activity, but their responses differ. The crest is often associated with 

geomagnetic disturbances, such as magnetic storms, which can cause fluctuations in the 

ionosphere and affect the propagation of signals through the atmosphere. These 

disturbances lead to variations in ZTD values, with rapid changes in delay occurring 

during geomagnetically active periods. In contrast, the magnetic equator may experience 

more stable conditions in terms of geomagnetic activity, resulting in relatively consistent 

ZTD values over time. 
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4.5 Correlation analysis 

Table 4.5.1: Correlation data for average hourly ZTD value and Dst for 17th March, 

2015 

𝑍𝑇𝐷(𝑥) 𝐷𝑠𝑡(𝑦) 𝑥ଶ 𝑦ଶ 𝑥𝑦 

1814.7 −4.0 3293136.09 16.0 −7258.8 

1822.1 −3.0 3320048.41 9.0 −5466.3 

1823.1 −3.0 3323693.61 9.0 −5469.3 

1829.5 −2.0 3347070.25 4.0 −3659 

1833.2 −13.0 3360622.24 169.0 −23831.6 

1834.0 −45.0 3363556.00 2025.0 −82530 

1833.3 −25.0 3360988.89 625.0 −45832.5 

1843.5 −18.0 3398492.25 324.0 −33183 

1852.2 −54.0 3430644.84 2916.0 −100018.8 

1838.3 −83.0 3379346.89 6889.0 −152578.9 

1841.0 −75.0 3389281.00 5625.0 −138075 

1842.6 −54.0 3395174.76 2916.0 −99500.4 

1840.2 −55.0 3386336.04 3025.0 −101211 

1837.5 −75.0 3376406.25 5625.0 −137812.5 

1846.3 −93.0 3408823.69 8649.0 −171705.9 

1842.4 −118.0 3394437.76 13924.0 −217403.2 

1836.2 −143.0 3371630.44 20449.0 −262576.6 

1825.9 −162.0 3333910.81 26244.0 −295795.8 

1831.6 −154.0 3354758.56 23716.0 −282066.4 

1841.8 −177.0 3392227.24 31329.0 −325998.6 

1833.2 −182.0 3360622.24 33124.0 −333642.4 

1832.9 −198.0 3359522.41 39204.0 −362914.2 

1827.1 −234.0 3338294.41 54756.0 −427541.4 

1831.4 −225.0 3354025.96 50625.0 −412065 
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|𝑟|           = ቤ
𝑛 ∑ 𝑥𝑦 − ∑ 𝑥 ∑ 𝑦

ඥ[∑ 𝑥ଶ − (∑ 𝑥)ଶ][∑ 𝑦ଶ − (∑ 𝑦)ଶ]
ቤ 

= ቤ
24(−4028136.6) − (44034.0)(−2195.0)

ඥ[44034.0 − (2195.0)ଶ][332197.0 − (−2195.0)ଶ]
ቤ 

= |−0.9| 

= 0.9 

  

෍ 𝑥

= 44034.0 

෍ 𝑦

= −2195.0 

෍ 𝑥ଶ

= 80793051.0 

෍ 𝑦ଶ

= 332197.0 

෍ 𝑥𝑦

= −4028136.6 
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Table 4.5.2: Correlation data for average hourly ZTD value and Dst for 23rd June, 2015. 

𝑍𝑇𝐷(𝑥) 𝐷𝑠𝑡(𝑦) 𝑥ଶ 𝑦ଶ 𝑥𝑦 

1898.9 −95.0 3605821.21 9025.0 −180395.5 

1889.3 −126.0 3569454.49 15876.0 −238051.8 

1892.3 −141.0 3580799.29 19881.0 −266814.3 

1930.5 −174.0 3726830.25 30276.0 −335907 

1914.3 −198.0 3664544.49 39204.0 −379031.4 

1895.4 −179.0 3592541.16 32041.0 −339276.6 

1901.5 −171.0 3615702.25 29241.0 −325156.5 

1906.2 −153.0 3633598.44 23409.0 −291648.6 

1910.9 −153.0 3651538.81 23409.0 −292367.7 

1894.4 −153.0 3588751.36 23409.0 −289843.2 

1894.8 −149.0 3590267.04 22201.0 −282325.2 

1901.6 −137.0 3616082.56 18769.0 −260519.2 

1909.7 −131.0 3646954.09 17161.0 −250170.7 

1903.1 −122.0 3621789.61 14884.0 −232178.2 

1913.7 −106.0 3662247.69 11236.0 −202852.2 

1902.3 −108.0 3618745.29 11664.0 −205448.4 

1905.6 −105.0 3631311.36 11025.0 −200088 

1900.3 −104.0 3611140.09 10816.0 −197631.2 

1895.6 −91.0 3593299.36 8281.0 −172499.6 

1901.6 −82.0 3616082.56 6724.0 −155931.2 

1903.3 −91.0 3622550.89 8281.0 −173200.3 

1899.4 −94.0 3607720.36 8836.0 −178543.6 

1888.2 −96.0 3565299.24 9216.0 −181267.2 

1886.4 −88.0 3558504.96 7744.0 −166003.2 

෍ 𝑥

= 45639.3 

෍ 𝑦

= −3047.0 

෍ 𝑥ଶ

= 86791576.9 

෍ 𝑦ଶ

= 412609.0 

෍ 𝑥𝑦

= −5797150.8 
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|𝑟|         = ቤ
𝑛 ∑ 𝑥𝑦 − ∑ 𝑥 ∑ 𝑦

ඥ[∑ 𝑥ଶ − (∑ 𝑥)ଶ][∑ 𝑦ଶ − (∑ 𝑦)ଶ]
ቤ 

= ቤ
24(−5797150.8) − (45639.3)(−3047.0)

ඥ[86791576.9 − (45639.3)ଶ][412609.0 − (−3047.0)ଶ]
ቤ 

= |−0.8| 

= 0.8 
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Table 4.5.3: Correlation data for average hourly ZTD value and Dst for 17th March, 2016. 

 

 
𝑍𝑇𝐷(𝑥) 𝐷𝑠𝑡(𝑦) 𝑥ଶ 𝑦ଶ 𝑥𝑦 

1834.5 −21.0 3365390.25 441.0 −38524.5 

1827.2 −10.0 3338477.12 100.0 −18271.5 

1827.8 −1.0 3340670.06 1.0 −1827.75 

1826.2 −10.0 3334823.82 100.0 −18261.5 

1821.9 −3.0 3319319.61 9.0 −5465.7 

1829.3 −26.0 3346155.56 676.0 −47560.5 

1831.3 −38.0 3353659.69 1444.0 −69589.4 

1843.8 −57.0 3399414.06 3249.0 −105093.8 

1842.1 −72.0 3393332.41 5184.0 −132631.2 

1840.0 −82.0 3385600.00 6724.0 −150880 

1836.1 −80.0 3371263.21 6400.0 −146888 

1834.7 −74.0 3366124.09 5476.0 −135767.8 

1837.4 −57.0 3375855.02 3249.0 −104729 

1834.4 −68.0 3365023.36 4624.0 −124739.2 

1822.9 −82.0 3322964.41 6724.0 −149477.8 

1831.3 −94.0 3353476.56 8836.0 −172137.5 

1823.8 −94.0 3326064.06 8836.0 −171432.5 

1817.0 −117.0 3301307.30 13689.0 −212583.2 

1815.4 −128.0 3295495.62 16384.0 −232364.8 

1819.3 −121.0 3309670.56 14641.0 −220129.3 

1808.5 −130.0 3270491.40 16900.0 −235098.5 

1798.2 −144.0 3233523.24 20736.0 −258940.8 

1796.2 −166.0 3226154.82 27556.0 −298160.9 

1791.6 −161.0 3209830.56 25921.0 −288447.6 

෍ 𝑥

= 43790.3 

෍ 𝑦

= −1836.0 

෍ 𝑥ଶ

= 79904086.8 

෍ 𝑦ଶ

= 197900.0 

෍ 𝑥𝑦

= −3339002.6 
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|𝑟|         = ቤ
𝑛 ∑ 𝑥𝑦 − ∑ 𝑥 ∑ 𝑦

ඥ[∑ 𝑥ଶ − (∑ 𝑥)ଶ][∑ 𝑦ଶ − (∑ 𝑦)ଶ]
ቤ 

= ቤ
24(−3339002.6) − (43790.3)(−1836.0)

ඥ[79904086.8 − (43790.3)ଶ][197900.0 − (−1836.0)ଶ]
ቤ 

= |−0.7| 

= 0.7 
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The correlation between ZTD and Dst reveal a strong correlation (|𝑟| ≥ 0.7) indicating a 

significant relationship between the two. This suggests that geomagnetic storms have a 

pronounced impact on zenith total delay, leading to increased delay in of radio signals 

thus a significant impact on communication systems. 
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5.0 CHAPTER 5: CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

Geomagnetic storms have a significant impact on ZTD, leading to variation is signal 

delays and leading to increased errors in GPS positioning and navigation which causes 

potential disruptions in communication systems. 

The diurnal variation in ZTD suggest that atmospheric conditions plays a significant on 

signal propagation and thus must be considered when designing and operating 

communication systems that rely on GPS technology. 

The increased ZTD during storm periods hights the need for robust communication 

system that can adopt and mitigate the impact of geomagnetic and other related events.  

5.2 Recommendations 

1. Geomagnetic storms should be continuously monitored using a network of 

geomagnetic observatories and spacecraft. This can be done by developing 

predictive models that forecast geomagnetic storms and their potential impact on 

communication systems. 

2. Communication systems, particularly GNSS and radio communication networks, 

should be designed with built-in resilience to geomagnetic storms; that’s backup 

systems and redundant infrastructure should be implemented to ensure continuity 

of critical services during geomagnetic storms. 

3. Communication systems should be optimized to account for ZTD variations 

during geomagnetic storms. System designers should consider the effects of 

geomagnetic storms on signal propagation and timing. 

5. Further studies should focus on developing more accurate predictive models for 

geomagnetic storms and their impact on communication systems. Investigations 

into the spatial and temporal variability of ZTD during geomagnetic storms 

should be conducted. 
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