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Sammanfattning 
En god kunskap om den omgivande lågfrekventa elektromagnetiska brusnivån i 
undervattensdomänen har flera viktiga tillämpningar inom försvarsforskning, såsom 
kontroll av fartygssignaturer, kontroll och övervakning av elektromagnetiska signaler, 
samt för ubåts- och minkrigsföring. De senaste åren har Totalförsvarets 
forskningsinstitut (FOI) undersökt möjligheten att kunna förutse det elektromagnetiska 
bakgrundsbruset. Detta har lett till utvecklingen av en prediktionsmodell för 
elektromagnetiskt brus (EMN). Syftet med detta examensarbete har varit att utvärdera, 
verifiera och utveckla denna modell för att både förbättra förståelsen av modellens 
resultat men framförallt för att förbättra prognosen av bruset. 

En känslighetsanalys gjordes för att se vilken effekt en variation i inparametrarna till 
modellen ger på de modellerade elektromagnetiska vågamplituderna. Denna visade att 
det planetära Kp indexet, ett skattat mått på den globala magnetiska aktiviteten, har en 
dominerande effekt på prognosen av den magnetiska vågamplituden i EMN modellen. 
Samtidigt visade Dst, ett aktivitetsindex dominerat av påverkan från ringströmmen, en 
ganska liten effekt. De två indexen ges som input till modellen, oberoende av varandra 
trots att de egentligen är ömsesidigt beroende av varandra. Detta är en svaghet i EMN 
modellen och bör beaktas vid en framtida utveckling av denna. 

I beräkningen av det elektriska spektrumet är det miljöparametrar i termer av vertikala 
profiler av den elektriska ledningsförmågan i jorden som påverkar resultatet. 
Förändringar av konduktiviteten för vatten ger en större effekt i det högre 
frekvensområdet då dessa vågor har ett grundare penetrationsdjup. Motsatt så påverkas 
vågor i det lägre frekvensområdet i högre grad av förändringar i berggrundens 
ledningsförmåga då dessa vågor penetrerar längre ner i marken. Vidare ger variationer i 
djupen av de olika sedimentlagren en amplitudtopp i mitten av spektrumet. Detta som 
ett resultat av ändringen av den skenbara resistiviteten och olika penetrationsdjup för 
vågor med olika frekvens. 

Det är vidare visat att införandet av en ny modell för prognos av det magnetosfäriska 
bidraget till den magnetiska brusnivån förbättrar prognoserna av vågamplituderna med 
cirka 10 dB i frekvensområdet 10-5 till 10-3 Hz. Baserat på känslighetensanalysen 
konstaterades det också att två av de ingående parametrarna, F10.7 solar radio flux och 
det genomsnittliga årliga Kp indexet, kan modelleras grovt genom 
prediktionstidpunktens förhållande till tiden för solcykelmax. En minskning av antalet 
inparametrar ger ett mer användarvänligt gränssnitt av EMN modellen i taktiska 
stödsystem såsom COMBIS och PC-IMAT. 

 

 

Nyckelord: Elektromagnetiskt brus, geomagnetisk aktivitet, taktiska stödsystem, 
detektionssannolikhet, sensorer 
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Summary 
A good knowledge of the ambient electromagnetic noise level has several important 
applications in defence research, such as in signature ranging, surveillance and 
monitoring of electromagnetic signals, and submarine and mine warfare. During the 
last years the Swedish Defence Research Agency (FOI) has investigated the possibility 
to predict the natural electromagnetic noise floor. This has resulted in the development 
of the Electro-Magnetic Noise prediction model (EMN). The aim of this Master's thesis 
was to evaluate, verify, and develop this model to improve the understanding and more 
importantly the predictions of EMN. A sensitivity analysis was conducted in order to 
analyse the effect of an input parameter variation. This showed that the Kp index, a 
quantified measure of global magnetic activity, has a dominant effect on the modelled 
magnetic wave power. At the same time the ring current activity index, Dst, showed a 
rather small effect. The two indices are clearly given as input to the model 
independently of each other when they are really mutually dependent of each other. 
This is a weakness of the EMN model and in future model development the 
dependence of the Dst and the Kp indices should be considered. In the translation to 
the electric spectrum the environmental parameters in terms of the conductivity profile 
influence the result. Changes in water conductivity have larger effect in the higher 
frequency domain as these waves have a shallow penetration depth. Oppositely, waves 
in the lower frequency domain penetrate deeper and the wave amplitudes are thus more 
affected by the bedrock conductivity. Variations in the different sediment depths 
results in a maximum in the middle of the spectrum due to the change in apparent 
resistivity and the different penetration ability for different frequencies. It is further 
shown that the inclusion of a new magnetospheric model in EMN improves the 
predictions of the wave amplitudes by about 10 dB in the frequency range 10-5 to 10-3 
Hz. Based on the sensitivity study it was also found that two of the input parameters, 
the F10.7 solar radio flux and the yearly mean Kp index, could be roughly modelled for 
the time of the prediction in terms of its time relative to the maximum of the solar 
cycle. Such a reduction of input parameters enables a more user-friendly interface of 
EMN in tactical support systems such as COMBIS and PC-IMAT. 

 

Keywords: Electromagnetic noise, geomagnetic activity, tactical decision aids, 
detection probabilities, sensors 
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1 Introduction 
Earth is constantly subject to electromagnetic radiation from space which sets up a natural 
electromagnetic noise background. Many different sources contribute to this 
electromagnetic background noise although the dominant contribution originates from 
space. The interaction between the solar wind and Earth's highly conducting ionosphere 
and magnetosphere produces broad-scale daily variations in the geomagnetic field as well 
as higher frequency micropulsations. Global lightning which produce the so-called 
Schumann resonances is another geoelectric phenomenon that contributes to the natural 
electromagnetic background noise. Human installations contribute in the form of emission 
from power lines, trams, cables or pipes. In marine environments, waves and currents in 
the ocean induce electromagnetic fields that also contribute to the electromagnetic noise 
floor. 

This noise can be a nuisance for certain applications as it disturbs other non-natural 
electromagnetic signals. A good knowledge of the ambient electromagnetic noise level has 
several important applications in defence research. For example, to estimate sensor 
capability of electromagnetic monitoring and surveillance systems, to calculate detection 
distance for submarines in various underwater environments, and to protect from mines 
equipped with electromagnetic sensors. 

The Swedish Defence Research Agency (FOI) has developed a global model, called the 
EMN model (ElectroMagnetic Noise model) to predict the daily electromagnetic 
background noise level at frequencies between 10-5 and 10 Hz at arbitrary position and 
depth, based on the contributions from the earth's ionosphere and magnetosphere [Ro11]. 
This model has been developed for implementation in different tactical support systems 
(e.g. PC-IMAT [We00], COMBIS [Si09]), systems developed to assist naval officers to 
make correct tactical decisions for different situations and under different conditions. 

1.1 Thesis Objective 
EMN (version 1.0) is the first version of FOI's electromagnetic noise model and has not 
yet been systematically evaluated or verified. An initial comparison with data has showed 
promising results and this thesis' objective is to make further investigations of the model. 
The aim was to answer the following three main questions: 

1. Evaluation: What effect does a variation in input parameters have on the result? 

2. Verification: Can we make a better prediction based on an alternative 
magnetospheric model in the EMN model? 

3. Development: Can some of the input parameters be modelled in order to make the 
EMN model more user friendly, i.e. in a tactical support system? 

There is little knowledge about how the different input parameters affect the output of the 
model in different frequency ranges. Thus, there was a need for an initial sensitivity 
analysis where the dependence of all the input parameters was investigated. 

Furthermore, the initial comparisons with observational data revealed a weakness in the 
prediction of the electromagnetic noise from the magnetospheric contribution in the EMN 
model [Ro11]. A large unexplained seasonal discrepancy between the model and data 
initiated the second objective of this thesis, to investigate whether an alternative 
magnetospheric model can improve the predictions of the EMN. 

As the model is intended for incorporation in a tactical support system, with users having 
no or little knowledge of the properties that influence the natural electromagnetic 
background noise floor, the interface needs to be as user-friendly as possible. While some 
input parameters need to be given by the user, the third and last objective of this thesis was 
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to investigate the possibility to model some of the input parameters. This would provide 
less risk of entering an incorrect value, resulting in a weak prediction. 

Altogether, this thesis work will improve the understanding and the prediction of EMN as 
well as outline a direction for future developments of this model. 

The remainder of this report is organized as follows. Section 2 describes the EMN model 
and the result of a first comparison of the model with data. In section 3 the methods used 
to conduct the tasks of this thesis work are described and the results are presented and 
discussed in section 4. Finally, section 5 gives the conclusions of this work. Attached are 
three appendixes presenting the generated function codes of the modelled input parameters 
and a list of the magnetic observatories from which data is used. 
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2 The Electromagnetic Background 
Noise model 

This section aims to describe the steps of development and the outline of the 
electromagnetic background noise model, EMN version 1.0, which has been developed at 
FOI. 

2.1 The Three Steps 
The approach to develop the EMN model was to separate the task into three distinct steps 
[Ro11]. The different steps were: 

1. The use of an existing model of the global magnetic field to get an estimation of 
the daily magnetic wave power amplitude. 

2. Acquire the geomagnetic spectrum in the frequency range of 10-5 to 10 Hz based 
on the daily wave power amplitude in the first step and the statistical properties of 
the spectrum slope. 

3. Estimating the electrical conductivity profile in the Earth’s crust and oceans and 
apply the theory of induction to obtain the electric wave power spectrum at the 
reference level. 

Figure 2–1 illustrates the three steps schematically. 

Figure 2–1: Illustration of the three steps of developing the global model of the electromagnetic 
background noise. 

2.2 The EMN Model 

2.2.1 Global Geomagnetic Field Model 

Comprehensive Modelling is an approach to model and join the different sources of the 
geomagnetic field developed by Goddard Space Flight Center (NASA/GSFC) and the 
Danish Space Research Institute (DSRI). All sources contributing to the geomagnetic field 
are modelled through the Comprehensive Modelling (CM4) giving the magnetic field 
amplitudes generated in the Earth’s core, lithospheric crust, magnetosphere and ionosphere 
respectively [Sa04]. The CM4 is the magnetic field model used in the EMN model to 
estimate the daily magnetic wave power at a certain time and location. The horizontal 
fields originating from the magnetosphere and ionosphere, which are the main 
contribution, are used as they have field variations on short time scales (seconds to days). 
The core and crustal fields vary on secular time scales and are thus not included in the 
frequency range of interest. 

The input parameters to CM4 are the following: 
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  Time (Year, Month, Day, Hour), 

  location (Latitude, Longitude), 

  disturbance storm time index (Dst), 

  and F10.7 solar radio flux. 

The daily magnetic wave power amplitude is achieved by simulating daily time series with 
CM4 and applying a fast Fourier transform weighted by a Hanning window to estimate the 
wave power amplitudes at periods between 2 and 24 hours. The daily magnetic wave 
power is defined in this work as the mean amplitude in the frequency band between 
1.2·10-5 to 4·10-4 Hz (see table 2–1 below). 

2.2.2 Geomagnetic Spectrum 

To generate the geomagnetic spectrum in the frequency range 10-5 to 10 Hz the magnetic 
activity index (MA) is defined as 16 average spectral estimates calculated in pT2/Hz in 
different frequency bands in accordance to the analysis of magnetic data from the 
Northern California Earthquake Data Center (NCEDC) by Dr. Martin Fullekrug at the 
University of Bath, see table 2–1. 

Table 2–1: Magnetic Activity Indices, MA. 

Index  Period (s)  Frequency (Hz)  

MA1 25000-83000 0.000012-0.00004 

MA2 5300-25000 0.00004-0.00019 

MA3 1800-5300 0.00019-0.00056 

MA4 600-1800 0.00056-0.0017 

MA5 300-600 0.0017-0.0033 

MA6 150-300 0.0033-0.0067 

MA7 100-150 0.0067-0.01 

MA8 45-100 0.01-0.022 

MA9 20-45 0.022-0.05 

MA10 10-20 0.05-0.1 

MA11 5-10 0.1-0.2 

MA12 2-5 0.2-0.5 

MA13 1-2 0.5-1 

MA14 0.5-1 1-2 

MA15 0.17-0.5 2-6 

MA16 0.1-0.17 6-10 

 

The modelled spectrum is based on the daily wave power amplitude from CM4 (MA1) 
from which the remaining MA’s are extrapolated through a model of linear relations in 
different frequency bands. The model shown in figure 2–2 has been developed through 
research on statistical properties of the geomagnetic wave power spectrum. It was found 
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that the spectrum can be modelled using power laws with exponents linearly dependent on 
the geomagnetic activity, i.e. on the Kp index [Ro11]. 

 

 
Figure 2–2: Approach for modelling of the geomagnetic spectrum. 

The geomagnetic wave power spectrum is divided into three regions based on the relation 
between the spectral slope and the Kp index. In the different regions the following models 
are applied: 

Region 1: A linear relation of the logarithms of the wave power and the frequency  

(power law) 

��(�)� = ��� +
�,					� = log(�),					10�� < � ≤ 10����. (2–1) 

Region 2: A linear relation of the logarithms of the wave power and the frequency 

(power law) 

��(�)� = ��� +
�,					� = log(�),					10�� < � ≤ 3��.  (2–2) 

Region 3: Constant above � > 3	��. 

The Kp dependence is found in the spectral slopes, k, of region 1 and region 2. They are 
modelled according to equation 2–3. 

																��(�, �,  !) = "�(�, �) ! + #�(�, �),					$ = 1,2              (2–3) 

In region 1 a higher value of Kp generates a less steep slope k1, while in region 2 the 
opposite relation occurs [Ro11]. The time and latitudinal dependence of the constants ai 
and bi are investigated in [Ro11]. A model for the latitudinal dependence of region 1 was 
found while there was insufficient data in region 2 to be able to determine such a relation. 
Based on data from only two different latitudes we assume a and b to be independent of 
latitude in region two. The temporal dependence of a and b in region two was found to be 
linearly dependent on the yearly mean of the Kp index. An investigation of the temporal 
dependence of a and b in region one is still to be conducted. 
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2.2.3 Geoelectric Noise 

The modelled geomagnetic spectrum is in this last step related to the electric spectrum. We 
adopt a model of Earth, assumed to be composed of flat layers of homogeneous materials, 
see figure 2–3. The incoming waves are assumed to be planar due to the fact that the 
electromagnetic background is generated in space far away from the Earth. 

Geomagnetic field variations induce electric fields and currents in the conductive layers of 
the Earth. Knowing the geological distribution and the layer’s electrical conductivity the 
electrical noise level can be determined at an arbitrary depth by applying equation (2–4) 
[Be84] to the boundary conditions at each interface and solving the linear system of 
equations. 

&',( = ±
�*

(+��,-)./0
1

�(,' (2–4) 

Equation (2–4) shows how components of the electric field, Ex and Ey respectively, is 
related to the magnetic field strength H (components y and x) through the impedance Z 
where k is the wave number, σ is the layer conductivity, ω is the frequency and ϵ is the 
layer permittivity. 

 

 
Figure 2–3: Illustration of a vertically incident plane wave on the surface of a plane layered model of 
the Earth. 

2.3 EMN Model Validity 
The EMN model has been validated by comparing the modelled daily wave power 
amplitude to observational data from 34 Intermagnet (IMO) stations. This comparison 
revealed a seasonal and latitudinal error in the magnetic y-component from CM4, see 
figure 2–4. The modelled MA1 index for all days in year 2007 are 10-23dB lower than 
observational data during winter months in the northern hemisphere.  
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Figure 2–4: Absolute error in dB between observed and modelled MA1 for 34 IMO station latitudes for 
year 2007, x and y component respectively. Observe the inverted latitudinal scale. 

This discrepancy was found to be related to the magnetospheric contribution to the total 
field in CM4. Figure 2–5 shows the observed daily magnetic wave power during 2007 at 
54.608 degrees north at the IMO station HLP in Hel in Poland (blue line). Overlaid on the 
observational data is the modelled daily magnetic wave power with CM4. The yellow line 
shows the modelled CM4 value based on the ionospheric contribution to the magnetic 
field only (as well as the green line that is based on somewhat different input). The red line 
show the modelled CM4 value based on both the ionospheric and magnetospheric 
contribution to the magnetic field. It can be seen that adding the magnetospheric part, the 
agreement between model and data increases in the middle of the year, while the 
agreement between model and data starts to deviate substantially in the beginning and the 
end of the year. 

The findings of this error within the magnetospheric part of the CM4 model has been 
presented and discussed with one of the model developers in Denmark, Nils Olsen, but no 
explanation to this discrepancy has so far been found. Thus, the EMN model has a 
limitation as it is not valid for winter months in the northern hemisphere. 
 

 
Figure 2–5: Parting of modelled MA1 index into separate field contributions, showing the discrepancy 
is within the magnetospheric field model. 
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3 Methods  
This section describes the methods used to carry out the assignments of this thesis, 
sensitivity analysis, verification, and model development. The background for some 
approximations and simplifications that were made in order to carry out the three different 
tasks will be presented. 

3.1 Sensitivity Analysis 
A study of the variation of the results from the EMN model based on different input 
parameters has been performed in order to answer the following questions: 

 What is the effect on the output due to a certain input variation? 

 In which frequency range do the input parameters have a dominant effect? 

To answer these questions a so-called one-at-a-time analysis was applied. This means that 
the input parameters of the model were simulated according to one-at-a-time principles 
over a range specific to each parameter while all other input parameters were set to fixed 
values. This rather simple approach was chosen due to the relatively large number of input 
parameters to be simulated. The simulated input parameters to the EMN model are 
presented in table 3–1. 

In order to be able to test input parameters independently, a simplified model of the 
geological distribution was used. A four layer model of Earth was used in this study, layer 
one representing air, layer two representing sea water, and layer three representing a 
sediment layer covering the fourth and bottom layer of bedrock. The air was regarded 
nonconductive and was therefore not further simulated. 

Table 3–1: List of input parameters modelled by the one-at-a-time simulation. 

 Unit Fix Value Range 

Simulated Parameter    

Latitude deg 59.4 [-70 70] 

Longitude deg 18.8 [-180 180] 

Kp (daily) nT 23 [0 90] 

Kp (yearly mean) nT 20 [10 40] 

Dst nT -16 [-150 40] 

F10.7 SFU 75 [60 300] 

Depth Water m 40 [40 1000] 

Depth Sediment m 5 [0 5000] 

Conductivity Water S/m 0.8 [0.5  3.5] 

Conductivity Sediment S/m 0.1 [0,01  0.5] 

Conductivity Bedrock S/m 0.001 [0.001  0.01] 

 

The fixed values in the one-at-a-time analysis was chosen to be representative of FOI's 
field research station in Djupviken south of Stockholm and are given in the third column 
of table 3–1. The choice of the fixed solar activity values were based on mean values for 
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each index respectively. The ranges over which the input parameters are to be varied are 
given in the last column of table 3–1. The choice of these ranges are presented below for 
each input parameter and were determined in order to fit values in future fields of 
application, normal ranges of indices or by the limitations of the model. 

All simulations were done for a specific time, July 15th 2007, at a specific reference water 
depth, 40 m, which is the measuring depth for the underwater electrode system in 
Djupviken, and for specific frequencies, corresponding to MA1-16. The date was chosen 
to be in a relatively inactive magnetic period as well as during a time of good 
observational data.  

The results are given as magnetic and electric spectra at the reference depth. As depth and 
conductivity is only applied to calculate the electric spectra they are not investigated for 
the magnetic spectra. Results of the simulations are presented in section 5. 

3.1.1 Position 

The latitudinal simulation range was decided based on limitations of the geomagnetic field 
model, CM4, which is developed for geomagnetic quiet periods. Thus, CM4 cannot 
accurately model magnetically active regions, i.e. at the auroral zones [Sa04]. This 
resulted in a latitudinal range between 70 degrees south and 70 degrees north. 

The longitudinal simulation range spanned across the globe, from 180 degrees west to 180 
degrees east. Both longitude and latitude were modelled in steps of one degree. 

3.1.2 Kp Index 

The K index represents the maximum fluctuation in magnetic activity for a certain sub-
auroral observatory, measured in three-hour intervals. A local scale, specific for each 
observatory, translates the measured fluctuation into a scale of 0-9 expressed in thirds of a 
unit; see the Kp scale in table 3–2 below. The local scales are developed to make 
disturbances of different size occur equal amount of times at any latitude. The Kp index is 
derived as a weighted average of K indices from 13 different observatories and is seen as a 
general (planetary) quantified measure of magnetic activity [GFZ]. 

The Kp index is used in two ways in the EMN model. The daily mean Kp index is used to 
calculate the slope of the magnetic spectrum while the yearly mean of the Kp index is used 
to determine the temporal variation of the slope in frequency region two [Ro11]. Thus, 
simulations of the input parameter Kp were split into two separate simulations according 
to daily Kp and yearly mean Kp. 

Table 3–2: Kp index scale and its quasi-log scale. 

Kp Kp*10  Kp Kp*10  Kp Kp*10  Kp Kp*10 

0 0  2+ 23  5- 47  7 70 

0+ 3  3- 27  5 50  7+ 73 

1- 7  3 30  5+ 53  8- 77 

1 10  3+ 33  6- 57  8 80 

1+ 13  4- 37  6 60  8+ 83 

2- 17  4 40  6+ 63  9- 87 

2 20  4+ 43  7- 67  9 90 

 

Simulation of the daily Kp index used the steps of the recalculated quasi log scale, i.e. the 
Kp scale multiplied by 10, to transform the scale to integer values (see second column in 



 

 

table 3–2). The choice of the yearly mean Kp simulation range, between 10 to 40, were 
based on a study of the maximum and minimum yearly mean Kp from three hourly Kp 
index data between January 1963 and August 2009 downloaded from the Coordinated 
Data Analysis Web (CDAweb). Furthermore, calculations 
yearly mean Kp were made and the results were used as fixed values during 
simulations of the other parameters

3.1.3 Dst Index 

The Disturbance Storm Time (Dst)
parallel to the magnetic dipole axis
primarily a measure of the ring
hourly average of the H component at four low
Kakioka, Honolulu and San Juan)
increase in the westward ring current gives a decrease 
equator [DAC][Da99]. 

A data set of hourly Dst index from 1957 to 2009 was provided by the Danish University 
of Technology (DTU). By studying the Dst time series 
Dst simulation range was set to 
to get good statistics. The mean Dst value was 
value. 

Figure 3–1: Histogram of hourly Dst index values from 1997 to 2009.

3.1.4 F10.7 

The F10.7 index is the Sun's emiss
Earth's orbit. It is normally given in solar flux units of 10
value is measured at noon at the Pentictin Radio Observatory in Canada

A data set of hourly F10.7 solar radio flux from January 1963 through August 2009 was 
downloaded from CDAWeb. By studying the F10.7
histogram, see figure 3–2, the F10.7 simulation range was set from 60 SFU to 300 SFU. 
The fixed simulation value was set to 75 based on a calculation of the mean of the data set.
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Figure 3–2: Histogram of hourly 

3.1.5 Depth 

As a four layer geological model was adopted to be used in the parametric simulations of 
the EMN model it is necessary to vary the depth of the water layer and 
well as the conductivity in all layers. The 
properties is presented below.

3.1.5.1 Water 

The Challenger Deep in the Mariana Trench is with its 11 km the deepest part of the 
oceans of the Earth [NE94]. The world's coast lines contain the shallowest parts of the 
same. Since the EMN model is part of a military tactical support system the 
limited to the parts of the oceans where it has its future line of work. However, the depth 
range of military activity in oceans are confidential information so the choice is based on 
an educated guess starting with 40 meters, the depth of the electric s
Djupviken trial site, down to a maximum depth of 1000 meters.

3.1.5.2 Sediment

A fixed value of a five meter thick sediment layer is set to fit the situation at the Djupviken 
trial site. The 1ºx1º global sediment thickness map derived by Evere
Constable [Ev03] reveals that the sediment layers in the ground are often up to several 
kilometres thick. In this study the depth of the sediment layer was limited to 5000 meters.

3.1.6 Conductivity

The electrical conductivity is a measure of 
given in SI units of Siemens per meter (S/m).

3.1.6.1 Water 

The total amount of dissolved solids (TDS) constitutes the essential element in finding the 
electric conductivity of water. In most cases the conductivit
directly related to the amount of ions dissolved in the solution according to equation
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: Histogram of hourly F10.7 solar radio flux values from 1963 to 2010. 

As a four layer geological model was adopted to be used in the parametric simulations of 
EMN model it is necessary to vary the depth of the water layer and sediment 

well as the conductivity in all layers. The choice of the simulation range for each of these 
presented below. 

The Challenger Deep in the Mariana Trench is with its 11 km the deepest part of the 
oceans of the Earth [NE94]. The world's coast lines contain the shallowest parts of the 
same. Since the EMN model is part of a military tactical support system the 
limited to the parts of the oceans where it has its future line of work. However, the depth 
range of military activity in oceans are confidential information so the choice is based on 
an educated guess starting with 40 meters, the depth of the electric sensor systems at the 
Djupviken trial site, down to a maximum depth of 1000 meters. 

Sediment 

A fixed value of a five meter thick sediment layer is set to fit the situation at the Djupviken 
trial site. The 1ºx1º global sediment thickness map derived by Everett, Constable, and 
Constable [Ev03] reveals that the sediment layers in the ground are often up to several 

thick. In this study the depth of the sediment layer was limited to 5000 meters.

Conductivity  

The electrical conductivity is a measure of a material’s ability to lead an electrical current 
given in SI units of Siemens per meter (S/m). 

The total amount of dissolved solids (TDS) constitutes the essential element in finding the 
electric conductivity of water. In most cases the conductivity of electrolytes (EC) is 
directly related to the amount of ions dissolved in the solution according to equation
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where TDS is given in parts per million (ppm) or mg/l, a is a constant in the range 0.5-0.9 
depending on the level of TDS and EC given in micro-Siemens per centimetre 
(µS/cm)[LeT][SF]. The water conductivity for seas and oceans is highly variable. More 
saline oceans are better conductors than freshwater lakes and will have a higher 
conductivity. The general conductivity for the brackish Baltic Sea is about 0.8 S/m while 
the greater oceans generally has conductivity values of about 3 S/m or more [NPL]. 
Therefore the simulation range for water conductivity is set to 0.5-3.5 S/m. 

3.1.6.2 Sediment 

Archie's second law, see equation (3–2) is an empirical relation for deciding the electric 
conductivity for a wide range of clean sands [RPH03]. 

 

78 = (49
:;<)79  (3–2) 

 

σt is the conductivity of the saturated rock, S the brine saturation, Φ the porosity of the 
rock, n the saturation exponential varying with the kind of pore media, m is called the 
cementation exponent usually with a value close to 2 and σW is the conductivity of the pore 
fluid. If the rock sediment contains parts of clay Archie's relation must be modified for 
extra high conductivity [RPH03]. 

In this work the simulation range for the sediment conductivity were set to 0.01 S/m and 
0.5 S/m. 

3.1.6.3 Bedrock 

Due to less porosity and thus saturation possibility the bedrock conductivity value should 
be lower than both the conductivity for water and sediment. The initial value of 0.001 S/m 
was chosen as the lower limit. The upper limit would be when the sediment turns into 
bedrock i.e. the lower limit of the sediment range. 

3.2 Verification 
The aim of this task was to investigate whether the daily magnetic wave power modelled 
by CM4 could be improved and study whether the discrepancy found between the model 
and observational data in Section 2.3 is due to a computational error of the magnetospheric 
contribution in CM4. A new magnetospheric model together with a new and more 
extensive set of magnetic observational data was acquired from Nils Olsen at DTU for this 
task. The new magnetospheric model, CHAOS-3 [Ol10] was integrated in the EMN model 
in order to be compared to the CM4 results in section 2.3. 

The model was easily integrated in the EMN model by Matlab coding and new simulations 
generated MA1 indices based on the CHAOS-3 magnetospheric contribution. The new 
data set contained hourly magnetic field observation data from 169 instruments at 149 
magnetic observatories around the world, see figure 3–3 and in Appendix C. Hourly data 
from 1947 to 2009 makes a total of more than 122,700 data points for each observatory. 
The data was already checked for spikes and bad numbers and ready to be used. Due to the 
vast amount of data a reduction had to be done and only MA1 indices for 2007 was 
modelled for comparison with the previous results. The results are shown in section 4. 
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Figure 3–3: Map of 149 magnetic observatories contributing to the data set given by Nils Olsen, DTU. 

3.3 Modelling 
The last task of this thesis work was to investigate the possibility to model any of the input 
parameters to the EMN model. The sensitivity analysis described in Section 3.1 showed 
that F10.7 solar radio flux and the yearly mean Kp activity index were candidates for 
modelling as they had a non-negligible effect on the predictions and roughly follows the 
solar cycle. Models of these two parameters were developed and the generated software 
functions (.m files) were developed for inclusion in the Matlab version of the EMN model. 
Function requirements were set to having the time of the prediction as input parameter and 
a modelled parameter value of suitable unit as output. The function codes are presented in 
appendix A and appendix B for the F10.7 and the Kp index respectively. 

The aim was to generate models of F10.7 and yearly mean Kp usable to simulate values 
both far into the future and for past solar cycles. The models were based on measurements 
of the F10.7 and Kp to investigate the mean variation during a solar cycle. From such a 
simple model it would be possible to estimate any value during future solar cycles given 
an estimated maximum date of the solar cycle. 

The approach to generate the models was: 

 To use sunspot number data to find statistics of the solar cycle (mean length of a 
solar cycle, mean length of the time from start of a solar cycle to maximum of the 
solar cycle). 

 To use F10.7 and Kp data to investigate parameter dependence on the solar cycle. 

 To fit a polynomial function to the mean curve of data. 

3.3.1 Solar Cycle Statistics 

Monthly sunspot number and monthly smoothed sunspot number (SSN) data was 
downloaded from Solar Influences Data Analysis Center (SIDC). The data set covers 
monthly means of observed sunspot numbers from January 1749 to January 2010. A 
definition of the start and end dates of a solar cycle as the minimum of the monthly 
smoothed sunspot number resulted in a list of solar cycle start and end dates. The list is 
presented in table 3–3. The maximum of a solar cycle was defined as the month of the 
maximum smoothed sunspot number value. The first day of each defined month was set as 
the day to be used. The identified dates of the solar cycle were also in agreement with the 
list of solar cycles found on Wikipedia [Wi12]. 



 

 17 

Table 3-3: List of solar cycle start, end and maximum dates. 

SC 

No. 

Start of SC  

Day-Month-Year  

End of SC  

Day-Month-Year  

Maximum of SC  

Day-Month-Year  

1 1 Mar 1755 1 Jun 1766 1 May 1761 

2 1 Jun 1766 1  Jun 1775 1  Oct 1769 

3 1 Jun 1775 1 Sep 1784 1 May 1778 

4 1 Sep 1784 1 May 1798 1 Feb 1788 

5 1 May 1798 1 Dec 1810 1 Feb 1805 

6 1 Dec 1810 1 May 1823 1 May 1816 

7 1 May 1823 1 Nov 1833 1 Nov 1829 

8 1 Nov 1833 1 Jul 1843 1  Mar 1837 

9 1 Jul 1843 1 Dec 1855 1 Feb 1848 

10 1 Dec 1855 1 Mar 1867 1 Feb 1860 

11 1 Mar 1867 1 Dec 1878 1 Aug 1870 

12 1 Dec 1878 1 Mar 1890 1 Dec 1883 

13 1 Mar 1890 1 Feb 1902 1 Jan 1894 

14 1 Feb 1902 1 Aug 1913 1  Feb 1906 

15 1 Aug 1913 1 Aug 1923 1 Aug 1917 

16 1 Aug 1923 1  Sep 1933 1 Apr 1928 

17 1 Sep 1933 1 Feb 1944 1 Apr 1937 

18 1 Feb 1944 1 Apr 1954 1  May 1947 

19 1 Apr 1954 1 Oct 1964 1 Mar 1958 

20 1 Oct 1964 1 Jun 1976 1  Nov 1968 

21 1 Jun 1976 1 Sep 1986 1 Dec 1979 

22 1 Sep 1986 1 May 1996 1 Jul 1989 

23 1 May 1996 1 Dec 2008 1 Mar 2000 

24 1 Dec 2008       
 

By representing the dates in the list in table 3–3 as a whole and fractional number of days 
from a reference point (1-Jan-0000) with the datenum  function in Matlab, the length of 
every solar cycle could be found by simply subtracting the end dates from the start dates 
for all solar cycles. The mean length of all solar cycles was found to be 11.0 years. The 
same technique was used to calculate the mean lengths from the start of a solar cycle to the 
maximum of the same solar cycle. The mean length for a solar cycle to reach its maximum 
was calculated to 4.2 years. This gives a 6.8 years declining period of the mean solar 
cycle. 

3.3.2 F10.7 and Kp yearly mean Models 

Daily data of the F10.7 cm solar radio flux and 3-hourly data of the Kp index from January 
1963 through August 2010 was downloaded from the Coordinated Data Analysis Web 
(CDAWeb). The data was treated for bad numbers which was removed in the calculations 
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using functions of the Matlab nansuite. A yearly running mean was calculated for the 
F10.7 data and the Kp index data respectively, see figure 3–4 and figure 3–5 below. 

 
Figure 3–4: F10.7cm solar radio flux; blue line – daily data, red line – yearly running mean. 

 
Figure 3–5: Kp activity index data; blue line – three hourly data, red line – yearly running mean. 

The downloaded data spanned over four solar cycles, number 20 to 23, and the yearly 
running mean data was separated for each solar cycle according to the start and stop dates 
in table 3–3. To reduce model errors due to variations in the observed solar cycle length, 
the yearly running mean for each solar cycle was first time centred on the date of solar 
cycle maximum. The time lines for the separate solar cycle data sets were merged into one 
common solar cycle time line and adapted to the length of a mean solar cycle, centred on 
the mean maximum date. This common solar cycle time line was put into the F10.7 and 
Kp yearly mean models as a number vector. 

A mean hourly value was calculated from the four solar cycle data sets, resulting in a data 
set representing a mean curve of the parameters for all four solar cycles. As a consequence 
of the variations in solar cycle length and the length to solar maximum as well as the 
existence of data gaps some hourly mean values are based on less data points than others, 
mainly at the start and the end of the solar cycles. 

Using the Matlab function polyfit  a polynomial of degree 6 was fitted to the calculated 
mean curves respectively. The polyfit  function generates the coefficients pn to a 
polynomial P(x) of degree n shown in equation (3–3) in a least square sense [MW]. These 
coefficients were put into the F10.7 and Kp yearly mean models as number vectors.  
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3.3.3 Model Routine 

Given the list of solar cycle start, end and maximum dates, the final routines calculate 
solar cycle statistics of mean solar cycle length and mean length to solar maximum. On the 
basis of this statistics the start, end and maximum dates of future solar cycles within 50 
years from the latest known solar cycles start date is extrapolated. This is done simply by 
adding the number of hours in a mean solar cycle to the last known solar cycle start date. 
Similar calculations are done to estimate future solar cycle maximum dates, starting by the 
latest known solar cycle maximum date. More sophisticated methods to forecast the 
beginning and end of solar cycles do exist but are beyond the scope of this work. 

The given input parameter to both the F10.7 and the Kp yearly mean models is a date 
which in turn is an input parameter to the EMN model. This could either be just a date or 
may also include a specific hour of the given date. The given date is related to the 
associated solar cycle and the number of hours before or after solar maximum of this date 
is estimated. A positive number means the input date appears after the solar maximum 
while a negative number means it appears before solar maximum of that specific solar 
cycle. The found polynomial model is evaluated at that point and the obtained value is 
given as output. 

As it is possible to simulate for dates that have already passed in time, the given input date 
could end up outside the common solar cycle time line in the model, as passed solar cycles 
sometimes have been longer than the mean solar cycle length. This situation has been dealt 
with by returning the first or the last value of the model curve depending on if the date 
occurs before or after solar maximum of the associated cycle. 
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4 Results and Discussion 

4.1 Sensitivity Analysis 
A one-at-a-time sensitivity analysis has been made on the global EMN model. Both the 
magnetic and electric responses of input parameter variations have been tested according 
to the parameter variations presented in table 3–1. The results are visualized and analysed 
in this section. 

4.1.1 Magnetic Spectrum 

Figure 4–1 and figure 4–2 show the variation of the magnetic noise as a function of MA 
index (i.e. frequency) based on the one-at-a-time simulation results. The results are 
divided into a north-south and an east-west component, denoted x and y respectively. Each 
line in the plots represents the width of the variation (maximum value minus minimum 
value) within the 95 % central range of all the simulations for each input parameter range, 
specified in table 3–1. The 95 % central range is defined as including 95 % of all output 
values, i.e. the result values within the 2.5% percentile and the 97.5% percentile. It has 
been discussed that the output results rather should be related to the distribution of the 
input parameter as the variation defined as the 95 % central range could be misleading for 
a non-even-distribution. This has partly been dealt with by choosing the range boundary 
values of each input parameter to enclose the most common values of each parameter. 

In both figures the blue solid line shows the resulting variation as a consequence of the 
latitude simulations, the blue dotted line represent longitude simulations, the red solid line 
represents the Kp activity index simulations while the red dotted line represents the yearly 
mean Kp activity simulations, the green line represents the simulations of F10.7 solar 
radio flux end the magenta line represents the response of Dst index simulations. 
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Figure 4–1: The variation width of the magnetic spectrum within the 95% central range for all input 
parameters for the north-south (x) component. 

 

 
Figure 4–2: The variation width of the magnetic spectrum within the 95% central range for all input 
parameters for the east-west (y) component. 
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It is evident from figure 4–1 and figure 4–2 that the resulting magnetic noise in the EMN 
model is most sensitive to geomagnetic activity, i.e. the Kp activity index, for frequencies 
between 10-4 Hz and 1Hz. The magnetic east-west component shows greater sensitivity to 
a variation of the Kp index than the north-south component. An important observation is 
the fact that for the 24-hour magnetic amplitude, i.e. the MA1 index, variations of the Kp 
index shows no effect on the resulting noise level while the other magnetic activity index, 
the Dst index does. This is due to the fact that the MA1 index is modelled by the CM4 
model which is dependent on Dst but not on Kp. The Kp is an index of general magnetic 
activity with contributions from both the auroral electrojets and the ring current while the 
Dst index is a measure of ring current activity only, [Ca96a][Ca96b]. An inherent 
weakness of the EMN model is the consideration of these two parameters as mutually 
independent while indeed they are not. Attempts of other researchers have been made to 
find a relation between the two indices, [Fa97][Ko07], which should be considered in a 
future development of the EMN model. 

The second most important parameter is the geographic position. Both latitude as well as 
longitude has a large impact on the magnetic noise level. This is further investigated in 
section 4.1.2 below. 

The magnetic noise levels are less sensitive to the variations in F10.7 solar radio flux and 
the Dst index. The relative insensitivity to the Dst index is most probably due to the fact 
that the CM4 model is developed for quiet magnetospheric conditions only which means 
that the real variation due to geomagnetic activity is lost. The yearly mean of the Kp index 
is the least sensitive input parameter tested in this analysis, at least for low frequencies. As 
the frequency increases also the sensitivity to this parameter increases. Such a behaviour is 
expected as this parameter only characterizes the temporal dependence of the spectrum 
slope in region two and does only influence the magnetic noise in region two and three. 

It would have been interesting to investigate the rates of variation in the magnetic noise 
estimation for the different input parameters. This would give answers to questions like: 

 How much does a small estimation error of the input value affect the estimated 
noise level? 

 Which part of the input parameter simulation range affects the estimated noise the 
most? 

However, such an investigation will be left for future model evaluation work. 

4.1.2 Position Dependence 

The MA1 value simulated by CM4 is the base value in the EMN model from which the 
entire frequency spectrum is extrapolated based on statistical relations of the spectrum 
slope. Thus, it is a very important factor for achieving good model results. The results of 
the sensitivity analysis in section 4.1.1 showed that the geographical position is the main 
parameter affecting the MA1 estimation which prompted for an investigation of the global 
variation of MA1. Simulations were made with the EMN model for all latitudes and 
longitudes with a step length of 10 degrees for the same date and fixed values defined in 
table 3¬1 as for the one-at-a-time simulations. The resulting global variation of MA1 is 
shown in figures 4–3, 4–4, 4–5 and 4–6 below. 
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Figure 4–3: MA1 global coverage at July 15th 2007, north-south (x) component, modelled by EMN1.0 
model. 

 

 
Figure 4–4: MA1 global coverage at July 15th 2007, east-west (y) component, modelled by EMN1.0 
model. 
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Figure 4–5: MA1 global coverage at July 15th 2007, north-south (x) component, modelled by EMN1.0 
model. Observe the inverted latitudinal scale. 

 

 
Figure 4–6: MA1 global coverage at July 15th 2007, east-west (y) component, modelled by EMN1.0 
model. Observe the inverted latitudinal scale. 

Figure 4–3 and figure 4–4 show 3D plots of the daily magnetic wave amplitude, MA1, at a 
global 10 degree grid for the x component and the y component respectively. Figure 4–5 
and figure 4–6 show 2D images of the daily magnetic wave amplitude at a global 10 
degree grid for the x component and the y component respectively. 
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The daily magnetic wave amplitudes differ a lot across the globe at a certain time. Both 
the latitudinal and longitudinal dependence is obvious in the figures above. The magnetic 
wave amplitude variation along longitude 50 degrees west (-50 deg) variation is 
approximately 15 dB for both the x and the y components. At longitude 170 degrees east 
(170 deg) the x component has a variation of about 25 dB while the y component varies 
with only 4 dB. 

This rather large variation of the daily magnetic wave amplitude might suggest that also 
the rest of the magnetic spectrum would be different at different longitudes. Thus, the 
longitudinal dependence on the slope of the magnetic spectrum should be investigated as a 
complement to the current found latitudinal dependence. 

4.1.3 Electric Spectrum 

The variation of the electric noise in figure 4–7 and figure 4–8 are displayed in the same 
way as the magnetic noise variation in section 4.1.1. Additional input parameters affecting 
the electric noise level are the environmental parameters, such as the depths of the water 
and sediment layers and the electrical conductivity profile. These additional variations are 
represented in figures 4–7 and 4–8 as the solid and dotted black lines for the sediment 
layer depth and the water layer depth respectively. The conductivities of the different 
layers are represented by diamonds (bedrock conductivity), dots (sediment conductivity) 
and down pointing triangles (water conductivity). As the variation due to the input 
parameters discussed in the previous section is not further affected when transforming 
from magnetic to electric noise, apart from a component switch according to equation  
 (2–4), they are not analysed in this section. 

 
Figure 4–7: Electric noise variation width in the 95% central range in the north-south (x) component. 
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Figure 4–8: Electric noise variation width in the 95% central range in the east-west (y) component. 

The water conductivity has a larger influence on the electric noise level in the higher 
frequency part of the spectra than in the lower frequency part. The reason for this can be 
explained in terms of the penetration depth for electromagnetic waves and the apparent 
resistivity of the ground. The penetration depth, δ, is dependent on both the frequency of 
the wave as well as the conductivity of the media according to equation (4–1), 

 

µωσ
δ 2=                (4–1) 

 

where µ is the magnetic permeability, ω the angular frequency (2πf) and σ is the 
conductivity [Ry08]. As the frequency of a wave increases, the penetration depth 
decreases. For typical Baltic Sea conditions (σ=0.8 S/m) a wave at 10 Hz reaches about 
180 meters below the surface while a wave at 10-5 Hz reaches about 180 km down. 
Furthermore, as the conductivity of the medium decreases the penetration depth increases. 
As we simulate the water conductivity between 0.5 and 3.5 S/m the penetration depth of 
the lower frequency wave is very large and thus not affected as much by the change in 
apparent resistivity due to the relatively shallow water layer (40 m). 

The opposite is seen for the variation in electric noise due to bedrock conductivity 
variations, where lower frequency wave amplitudes have a larger variation than higher 
frequency wave amplitudes. The higher frequency waves do not penetrate deep enough to 
be affected as much by the change in bedrock conductivity. 

The variation in conductivity of the sediment layer seems to have very little effect in the 
estimated electric noise. Unfortunately, the fixed value of the sediment thickness was set 
to only 5 meters to fit the conditions at the Djupviken trial site. With such a thin layer, any 
conductivity variation will make a small change in the apparent resistivity and thus show 
no effect in the modelled noise values. If the layer was thicker, the results would have 
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shown greater variations. The layer thickness of the sediment layer was simulated 
separately which is described below.  

Variations of the depths of both the water layer and the sediment layer generate electric 
noise variation widths with a peak around 10-1Hz. This is also due to the apparent 
resistivity and penetration depth of different wave frequencies. Waves of higher 
frequencies can only penetrate to a certain depth and is only affected by the 40-180m 
change in water depth. For low frequencies, the waves penetrate so deep that the change in 
apparent resistivity due to an up to 1 km thick water level has little effect. There will be a 
trade-off between these two effects such that the variation in the electric noise will have a 
maximum at a certain frequency where the waves penetrate deep enough to be affected by 
the changing water depth but not so deep that the change in apparent resistivity is small. 
The same effect is seen for a change in sediment thickness. The peak occurs at a frequency 
a little lower than for the water layer due to the fact that the sediment layer is below the 
water layer and therefore affects waves reaching down to it. In conclusion, it is evident 
that a good estimation of the underlying geology is an important factor in the estimation of 
the electric noise level in the EMN model. 

4.2 Verification 
Modelled daily magnetic wave amplitudes (MA1) from the EMN model were compared to 
observational data for 149 stations, see appendix C, during the year 2007. The absolute 
error between the model and observations is shown in figure 4–9 and figure 4–10 for the x 
and y component respectively. Please notice the non-linear scale on the y-axis due to more 
magnetic observatories in the northern than in the southern hemisphere. 

 
Figure 4–9: The error between modelled and observed MA1 for the north-south component with the 
CM4 model. Observe the inverted latitudinal scale. 
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Figure 4–10: The error between modelled and observed MA1 for the east-west component with the 
CM4 model. Observe the inverted latitudinal scale. 

Large deviations between model and observations are observed for both the north-south 
and east-west component at high latitudes in figure 4–9 and figure 4–10. These latitudes 
correspond to auroral oval latitudes. The magnetic field model CM4 is developed for low 
activity periods only and thus cannot reproduce the observations in these magnetically 
very active regions. Also seen are large errors for mid-latitudes in the northern hemisphere 
during winter months. These agree well with the errors found in a prior investigation for 
the same year but with a different observational dataset [Ro11]. 

After replacing the magnetospheric contribution to the global magnetic field model CM4 
with the other magnetospheric model, CHAOS-3, an identical comparison as that above 
was performed. The absolute error between model and observations is shown in figure  
4–11 and figure 4–12 for the x and y component respectively. 
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Figure 4–11: The error between modelled and observed MA1 for the north-south component with the 
magnetospheric contribution from the CHAOS-3 model. Observe the inverted latitudinal scale. 

 

 
Figure 4–12: The error between modelled and observed MA1 for the east-west component with the 
magnetospheric contribution from the CHAOS-3 model. Observe the inverted latitudinal scale. 
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Comparing figure 4–11 to figure 4–9 and figure 4–12 to figure 4–10 the CHAOS-3 does 
an equally good prediction for the x component as CM4 only with slightly larger errors at 
mid-latitudes, still mostly below 10 dB. The absolute error for the y component is greatly 
reduced for winter months in the northern hemisphere. Thus, the magnetospheric 
CHAOS-3 model outperforms the magnetospheric part of the CM4 model and will be used 
in future versions of the EMN model. 

4.3 Modelling  
Crude models of the input parameters, F10.7 solar radio flux and the yearly mean Kp 
index, to the EMN model was developed through investigation of super positioned data, 
see section 3.3. As the EMN model is serving as part of a military tactical support system 
the models are implemented in the EMN model to avoid erroneous estimations of input 
parameters. The results of the input parameter modelling are presented below. 

4.3.1 F10.7 Model 

 
Figure 4–13: Upper: F10.7 solar flux model approach (solar cycle super positioning and mean curve) 
and model curve (thick red line). Lower: Maximum data deviation (black lines) and mean absolute 
data deviation (red line).  

In the upper part of figure 4–13 the approach to model the F10.7 solar radio flux is 
presented. F10.7 data of solar cycle 20-23, centred on its solar activity maximum date, was 
super positioned (thin blue, red, green and cyan lines) and a polynomial of six degrees 
(thick red line) was fitted to the hourly mean value (thick black line). The coefficients of 
the polynomial and time line are saved and used in the EMN Matlab model code for the 
F10.7 model, see appendix A. 

The lower part of figure 4–13 shows the hourly data range around the model (black lines 
above and under zero line), i.e. the maximum deviation (positive or negative) from the 
model curve (zero line). The red line represents the hourly mean absolute deviation 
between the model and the 4 observations. 
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During low solar activity periods at the beginning and end of the solar cycles, the model 
makes rather good estimations of the mean value having a mean absolute error of about 5 
SFU. For more active periods the data sets have greater variation and the modelled value 
deviates more from the mean curve. To prevent this larger deviation from the mean curve 
in the active periods, a polynomial of higher order can be used. This would get us closer to 
the hourly mean value, although it would still be hard to model the correct value as the 
solar cycles are highly variable in activity level [Ha94]. 

4.3.2 Kp Model 

 
Figure 4–14: Upper: Yearly mean Kp model approach (solar cycle super positioning and mean curve) 
and model curve (thick red line). Lower: Maximum data deviation (black lines) and mean absolute 
data deviation (red line). 

Figure 4–14 shows the equivalent model of the yearly mean Kp as for the F10.7 solar 
radio flux. In the upper part of the figure the approach of the yearly mean Kp modelling is 
presented. Kp data of solar cycle 20-23, centred on its solar activity maximum date, was 
super positioned (thin blue, red, green and cyan lines) and a polynomial of six degrees 
(thick red line) was fitted to the hourly mean value curve (thick black line). The 
coefficients of the polynomial and time line are saved and used in the EMN Matlab model 
code for the Kp yearly mean model, see appendix B. 

The lower part of figure 4–14 shows the hourly data range around the model (black lines 
above and under zero line), i.e. the maximum deviation (positive or negative) from the 
model curve (zero line). The red line represents the hourly mean absolute deviation 
between the model and the 4 observations. 

The yearly running mean of Kp index show a more irregular behaviour during the solar 
cycle time period. Both the shape and the amplitude show more variability. Kp seem to 
have two major peaks, one at the time of solar cycle maximum and one half way through 
the solar cycle declining period. For the four solar cycle data sets investigated in this work 
the time period between the two peaks is varying between 2 and 6.5 years with a mean 
length of 4 years. 
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The mean absolute error is rather constant throughout the time period. At the start and end 
of the solar cycle it is lower but this is due to missing data and the mean curve is based on 
fewer data points. 

There has been no attempt in trying to generate a smooth transition at the ends of the F10.7 
and Kp models. The reason is the low sensitivity of the EMN model to these input 
parameters. A small difference like that (5 for the Kp activity index and about 15 SFU for 
the F10.7) would generate a small effect in the output of the model. 

4.3.3 Model Improvement 

The result of this thesis is the implementation of three new models in the EMN model. The 
first is a substitution of the magnetospheric contribution in CM4 to a new magnetospheric 
model, CHAOS-3. The second and third improvements were the two input parameter 
models of F10.7 solar radio flux and yearly mean Kp activity index. A simulation was 
done for December 18th 2011 using the updated model and using the same fixed values 
presented in table 3–1. The date was chosen during a period in which the old EMN model 
had shown discrepancies with observational data and for which good data from the 
Djupviken sensors existed. The result was compared to observed data and the simulation 
result of the EMN model before the model update and after is presented in figure 4–15. 

 
Figure 4–15: EMN model improvement after update. A new magnetoscheric field model and models 
of input parameters F10.7 solar radio flux and Kp yearly mean were included. 

Figure 4–15 shows the y-component magnetic spectrum at Djupviken on December 18th 
2011. Only the y-component is displayed as it is the component that was influenced by the 
error in the CM4 magnetospheric model (see figure 2–4, 2–5 or 4–10). The blue line 
represents the measured data from the Djupviken trial site, the red line is from the EMN 
model before the update and the black line is the result of the updated EMN model. For the 
lower frequencies the updated EMN model shows a 10 dB improvement due to the 
improved prediction of MA1 by exchanging the magnetospheric model in CM4 to 
CHAOS-3. 
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5 Conclusions 
In this Master's Thesis a sensitivity analysis was conducted in order to analyse the effect of 
an input parameter variation in the EMN model (version 1.0). A one-at-a-time parameter 
analysis showed that the global geomagnetic activity in terms of the Kp activity index had 
a dominant effect on the prediction of the magnetic spectra. 

On the contrary, the variation of another geomagnetic activity index, the Dst index, 
showed a relatively small effect in the modelled magnetic spectra. This finding revealed a 
weakness of the EMN model since the two geomagnetic activity indices are given 
independently while they in reality are mutually dependent. In a future development of the 
EMN model this issue should be considered and a relation between the Kp and Dst index 
should be investigated. 

It was also found that the daily magnetic wave amplitude is highly dependent on position, 
both latitude and longitude. In the current EMN model only the latitudinal dependence on 
the slope of the spectrum is taken into account. However, on the basis of the finding of an 
equally large longitudinal behaviour of the daily magnetic wave power a possible 
longitudinal dependence on the spectrum slope should be investigated. Furthermore, the 
structure and characteristics (conductivity profile), of the media below the surface was 
found to have a dominant effect on the predicted electric wave amplitudes. Changes in 
water conductivity have larger effect in the higher frequency domain as these waves have 
a shallow penetration depth. Oppositely, waves in the lower frequency domain penetrate 
deeper and the wave amplitudes are thus more affected by the bedrock conductivity. 
Variations in the different sediment depths results in a maximum in the middle of the 
spectrum due to the change in apparent resistivity and the different penetration ability for 
different frequencies. This shows that a good knowledge of the underlying geology is 
critical for the electric wave amplitude predictions over the covered frequency domain. 

A verification of another magnetospheric model, CHAOS-3, showed that it outperforms 
the magnetospheric model of the CM4 model in comparisons with data. The inclusion of 
the new magnetospheric model in EMN improves the predictions of the wave amplitudes 
by about 10 dB in the lower frequency range. Thus, CHAOS-3 will be used in the EMN 
model in the future. 

The sensitivity analysis showed that two input parameters to the EMN model, F10.7 solar 
radio flux and the yearly mean Kp activity index, were candidates for modelling as they 
had a non-negligible effect on the predictions and roughly follow the solar cycle. Models 
of these two parameters have been developed and included in the EMN model. As the 
EMN model is developed as part of a tactical support system, with users having limited 
knowledge of the properties that influence the natural electromagnetic background noise 
floor, such a reduction of input parameters enables a more user-friendly interface of EMN 
in these systems. 
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7 Appendixes 
Appendix A Matlab function code to model F10.7cm radio flux. 

Appendix B Matlab function code to model yearly mean Kp activity index. 

Appendix C List of magnetic observatories and their location from which data is used 
to verify the EMN model. 

 



 

 

Appendix A 
 

function  [F107value]=Model_F107_model(Day) 
% 
% Function that models Solar Radio Flux for a given  date  
% 
%Input:     Day         Date of interest (e.g. '4-D ec-2014 00:00:00' or '4-
Dec-2014')  
% 
%Output:    F107value   Modelled value of Solar Rad io Flux [SFU 10^{-22} 
J/s/m^2/Hz]  
% 
% 
%Author: Hanna Sandberg  
%Date:2012/01/17  
%FOI/Marina system  
  
  
%-------------------------------------------------- ------------------------  
% DEFINITIONS & STATS  
%-------------------------------------------------- ------------------------  
DayofInter=datenum(Day); 
MaxFuture=50; %maximum years in future that can be calculated  
  
%   Solar Cycles, [ Start time ; Stop time ]  
SC1={ '1-Mar-1755 00:00:00' ; '1-Jun-1766 00:00:00' }; 
SC2={ '1-Jun-1766 00:00:00' ; '1-Jun-1775 00:00:00' }; 
SC3={ '1-Jun-1775 00:00:00' ; '1-Sep-1784 00:00:00' }; 
SC4={ '1-Sep-1784 00:00:00' ; '1-May-1798 00:00:00' }; 
SC5={ '1-May-1798 00:00:00' ; '1-Dec-1810 00:00:00' }; 
SC6={ '1-Dec-1810 00:00:00' ; '1-May-1823 00:00:00' }; 
SC7={ '1-May-1823 00:00:00' ; '1-Nov-1833 00:00:00' }; 
SC8={ '1-Nov-1833 00:00:00' ; '1-Jul-1843 00:00:00' }; 
SC9={ '1-Jul-1843 00:00:00' ; '1-Dec-1855 00:00:00' }; 
SC10={ '1-Dec-1855 00:00:00' ; '1-Mar-1867 00:00:00' }; 
SC11={ '1-Mar-1867 00:00:00' ; '1-Dec-1878 00:00:00' }; 
SC12={ '1-Dec-1878 00:00:00' ; '1-Mar-1890 00:00:00' }; 
SC13={ '1-Mar-1890 00:00:00' ; '1-Feb-1902 00:00:00' }; 
SC14={ '1-Feb-1902 00:00:00' ; '1-Aug-1913 00:00:00' }; 
SC15={ '1-Aug-1913 00:00:00' ; '1-Aug-1923 00:00:00' }; 
SC16={ '1-Aug-1923 00:00:00' ; '1-Sep-1933 00:00:00' }; 
SC17={ '1-Sep-1933 00:00:00' ; '1-Feb-1944 00:00:00' }; 
SC18={ '1-Feb-1944 00:00:00' ; '1-Apr-1954 00:00:00' }; 
SC19={ '1-Apr-1954 00:00:00' ; '1-Oct-1964 00:00:00' }; 
SC20={ '1-Oct-1964 00:00:00' ; '1-Jun-1976 00:00:00' }; 
SC21={ '1-Jun-1976 00:00:00' ; '1-Sep-1986 00:00:00' }; 
SC22={ '1-Sep-1986 00:00:00' ; '1-May-1996 00:00:00' }; 
SC23={ '1-May-1996 00:00:00' ; '1-Dec-2008 00:00:00' }; 
SC24={ '1-Dec-2008 00:00:00' }; 
  
%Smoothed Sunspot Number (SSN) maximum  
SC1max='1-May-1761 00:00:00' ; 
SC2max='1-Oct-1769 00:00:00' ; 
SC3max='1-May-1778 00:00:00' ; 
SC4max='1-Feb-1788 00:00:00' ; 
SC5max='1-Feb-1805 00:00:00' ; 
SC6max='1-May-1816 00:00:00' ; 
SC7max='1-Nov-1829 00:00:00' ; 
SC8max='1-Mar-1837 00:00:00' ; 
SC9max='1-Feb-1848 00:00:00' ; 
SC10max='1-Feb-1860 00:00:00' ; 
SC11max='1-Aug-1870 00:00:00' ; 
SC12max='1-Dec-1883 00:00:00' ; 
SC13max='1-Jan-1894 00:00:00' ; 
SC14max='1-Feb-1906 00:00:00' ; 
SC15max='1-Aug-1917 00:00:00' ; 
SC16max='1-Apr-1928 00:00:00' ; 
SC17max='1-Apr-1937 00:00:00' ; 



 

 

SC18max='1-May-1947 00:00:00' ; 
SC19max='1-Mar-1958 00:00:00' ; 
SC20max='1-Nov-1968 00:00:00' ; 
SC21max='1-Dec-1979 00:00:00' ; 
SC22max='1-Jul-1989 00:00:00' ; 
SC23max='1-Mar-2000 00:00:00' ; 
  
SCStarts1to24=[datenum(SC1(1)) datenum(SC2(1)) date num(SC3(1)) 
datenum(SC4(1)) ...  
    datenum(SC5(1)) datenum(SC6(1)) datenum(SC7(1))  datenum(SC8(1)) ...  
    datenum(SC9(1)) datenum(SC10(1)) datenum(SC11(1 )) datenum(SC12(1)) ...  
    datenum(SC13(1)) datenum(SC14(1)) datenum(SC15( 1)) datenum(SC16(1)) ...  
    datenum(SC17(1)) datenum(SC18(1)) datenum(SC19( 1)) datenum(SC20(1)) ...  
    datenum(SC21(1)) datenum(SC22(1)) datenum(SC23( 1)) datenum(SC24(1))]; 
  
SCEnds1to23=[datenum(SC1(2)) datenum(SC2(2)) datenu m(SC3(2)) 
datenum(SC4(2)) ...  
    datenum(SC5(2)) datenum(SC6(2)) datenum(SC7(2))  datenum(SC8(2)) ...  
    datenum(SC9(2)) datenum(SC10(2)) datenum(SC11(2 )) datenum(SC12(2)) ...  
    datenum(SC13(2)) datenum(SC14(2)) datenum(SC15( 2)) datenum(SC16(2)) ...  
    datenum(SC17(2)) datenum(SC18(2)) datenum(SC19( 2)) datenum(SC20(2)) ...  
    datenum(SC21(2)) datenum(SC22(2)) datenum(SC23( 2))]; 
  
SCMaxs1to23=[datenum(SC1max) datenum(SC2max) datenu m(SC3max) 
datenum(SC4max) ...  
    datenum(SC5max) datenum(SC6max) datenum(SC7max)  datenum(SC8max) ...  
    datenum(SC9max) datenum(SC10max) datenum(SC11ma x) datenum(SC12max) ...  
    datenum(SC13max) datenum(SC14max) datenum(SC15m ax) datenum(SC16max) ...  
    datenum(SC17max) datenum(SC18max) datenum(SC19m ax) datenum(SC20max) ...  
    datenum(SC21max) datenum(SC22max) datenum(SC23m ax)]; 
  
mean_length_SC_days=mean(SCEnds1to23-SCStarts1to24( 1:23)); 
mean_length_SC_years=mean_length_SC_days/365; 
mean_length_start2max_days=mean(SCMaxs1to23-SCStart s1to24(1:23)); 
  
%-------------------------------------------------- ------------------------  
% CALCULATE STARTS/MAXS OF FUTURE SOLAR CYCLES 
%-------------------------------------------------- ------------------------  
NoSC2model=MaxFuture/mean_length_SC_years+1 
newSCStarts=zeros(1:length(NoSC2model)); 
newSCMaxs=zeros(1:length(NoSC2model)+1); 
  
newSCMaxs(1)=SCStarts1to24(24)+mean_length_start2ma x_days; 
for  ii=1:NoSC2model 
    newSCStarts(ii)=SCStarts1to24(24)+ii*mean_lengt h_SC_days; 
    newSCMaxs(ii+1)=newSCStarts(ii)+mean_length_sta rt2max_days; 
end  
  
SCStarts=[SCStarts1to24 newSCStarts]; 
SCMaxs=[SCMaxs1to23 newSCMaxs]; 
  
%-------------------------------------------------- ------------------------  
% F107 MODEL 
%-------------------------------------------------- ------------------------  
F107modelcoeffs=[-9.24040709785535e-27,5.0749971485 4566e-
22,6.29332280355588e-17, ...  
    -3.22033235541262e-12,-1.09301803659376e-
07,0.00376755565832934,164.024153218062]; 
F107timeline_hours=(-33600:69479); 
  
%-------------------------------------------------- ------------------------  
% FIND DAY'S POSITION IN SOLAR CYCLE  
%-------------------------------------------------- ------------------------  
SCNo=0; 
for  kk=1:length(SCStarts) 
    if  DayofInter>SCStarts(kk) 
        SCNo=SCNo+1; 
    end  
end  
  
Tfmx=DayofInter-SCMaxs(SCNo); 



 

 

Tfmx_hours=Tfmx*24; 
if  ~(Tfmx_hours>F107timeline_hours(1) && 
Tfmx_hours<F107timeline_hours(end)) 
    if  Tfmx_hours<F107timeline_hours(1) 
        Tfmx_hours=F107timeline_hours(1); 
    elseif  Tfmx_hours>F107timeline_hours(end) 
        Tfmx_hours=F107timeline_hours(end); 
    end  
end  
  
%-------------------------------------------------- ------------------------  
% GET MODEL VALUE 
%-------------------------------------------------- ------------------------  
F107value=polyval(F107modelcoeffs,Tfmx_hours); 
  
%-------------------------------------------------- ------------------------  
% PLOT 
%-------------------------------------------------- ------------------------  
if  0 
F107=polyval(F107modelcoeffs,F107timeline_hours); 
  
figure; 
plot(F107timeline_hours,F107, 'r' , 'LineWidth' ,2) 
hold on 
plot(Tfmx_hours,F107value, 'o' , 'MarkerEdgeColor' , 'k' , 'MarkerFaceColor' , 'g' , '
MarkerSize' ,6) 
title([ 'F10.7 model evaluation at Day = ' ,Day]) 
xlabel( 'Hours from SC maximum' ) 
ylabel( 'F10.7 solar radio flux [10^{-22} J/s/m^2/Hz]' ) 
end 
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function  [KPvalue]=Model_KP_model(Day) 
% 
% Function that models Kp Activity Index for a give n date  
% 
%Input:     Day         Date of interest (e.g. '4-D ec-2014 00:00:00' or '4-
Dec-2014')  
% 
%Output:    KPvalue     Modelled Kp Activity Index  
% 
% 
%Author: Hanna Sandberg  
%Date:2012/01/17  
%FOI/Marina system  
  
  
%-------------------------------------------------- ------------------------  
% DEFINITIONS (& STATS)  
%-------------------------------------------------- ------------------------  
DayofInter=datenum(Day); 
MaxFuture=50; %maximum years in future that can be calculated  
  
%   Solar Cycles, [ Start time ; Stop time ]  
SC1={ '1-Mar-1755 00:00:00' ; '1-Jun-1766 00:00:00' }; 
SC2={ '1-Jun-1766 00:00:00' ; '1-Jun-1775 00:00:00' }; 
SC3={ '1-Jun-1775 00:00:00' ; '1-Sep-1784 00:00:00' }; 
SC4={ '1-Sep-1784 00:00:00' ; '1-May-1798 00:00:00' }; 
SC5={ '1-May-1798 00:00:00' ; '1-Dec-1810 00:00:00' }; 
SC6={ '1-Dec-1810 00:00:00' ; '1-May-1823 00:00:00' }; 
SC7={ '1-May-1823 00:00:00' ; '1-Nov-1833 00:00:00' }; 
SC8={ '1-Nov-1833 00:00:00' ; '1-Jul-1843 00:00:00' }; 
SC9={ '1-Jul-1843 00:00:00' ; '1-Dec-1855 00:00:00' }; 
SC10={ '1-Dec-1855 00:00:00' ; '1-Mar-1867 00:00:00' }; 
SC11={ '1-Mar-1867 00:00:00' ; '1-Dec-1878 00:00:00' }; 
SC12={ '1-Dec-1878 00:00:00' ; '1-Mar-1890 00:00:00' }; 
SC13={ '1-Mar-1890 00:00:00' ; '1-Feb-1902 00:00:00' }; 
SC14={ '1-Feb-1902 00:00:00' ; '1-Aug-1913 00:00:00' }; 
SC15={ '1-Aug-1913 00:00:00' ; '1-Aug-1923 00:00:00' }; 
SC16={ '1-Aug-1923 00:00:00' ; '1-Sep-1933 00:00:00' }; 
SC17={ '1-Sep-1933 00:00:00' ; '1-Feb-1944 00:00:00' }; 
SC18={ '1-Feb-1944 00:00:00' ; '1-Apr-1954 00:00:00' }; 
SC19={ '1-Apr-1954 00:00:00' ; '1-Oct-1964 00:00:00' }; 
SC20={ '1-Oct-1964 00:00:00' ; '1-Jun-1976 00:00:00' }; 
SC21={ '1-Jun-1976 00:00:00' ; '1-Sep-1986 00:00:00' }; 
SC22={ '1-Sep-1986 00:00:00' ; '1-May-1996 00:00:00' }; 
SC23={ '1-May-1996 00:00:00' ; '1-Dec-2008 00:00:00' }; 
SC24={ '1-Dec-2008 00:00:00' }; 
  
%Smoothed Sunspot Number (SSN) maximum  
SC1max='1-May-1761 00:00:00' ; 
SC2max='1-Oct-1769 00:00:00' ; 
SC3max='1-May-1778 00:00:00' ; 
SC4max='1-Feb-1788 00:00:00' ; 
SC5max='1-Feb-1805 00:00:00' ; 
SC6max='1-May-1816 00:00:00' ; 
SC7max='1-Nov-1829 00:00:00' ; 
SC8max='1-Mar-1837 00:00:00' ; 
SC9max='1-Feb-1848 00:00:00' ; 
SC10max='1-Feb-1860 00:00:00' ; 
SC11max='1-Aug-1870 00:00:00' ; 
SC12max='1-Dec-1883 00:00:00' ; 
SC13max='1-Jan-1894 00:00:00' ; 
SC14max='1-Feb-1906 00:00:00' ; 
SC15max='1-Aug-1917 00:00:00' ; 
SC16max='1-Apr-1928 00:00:00' ; 
SC17max='1-Apr-1937 00:00:00' ; 
SC18max='1-May-1947 00:00:00' ; 



 

 

SC19max='1-Mar-1958 00:00:00' ; 
SC20max='1-Nov-1968 00:00:00' ; 
SC21max='1-Dec-1979 00:00:00' ; 
SC22max='1-Jul-1989 00:00:00' ; 
SC23max='1-Mar-2000 00:00:00' ; 
  
SCStarts1to24=[datenum(SC1(1)) datenum(SC2(1)) date num(SC3(1)) 
datenum(SC4(1)) ...  
    datenum(SC5(1)) datenum(SC6(1)) datenum(SC7(1))  datenum(SC8(1)) ...  
    datenum(SC9(1)) datenum(SC10(1)) datenum(SC11(1 )) datenum(SC12(1)) ...  
    datenum(SC13(1)) datenum(SC14(1)) datenum(SC15( 1)) datenum(SC16(1)) ...  
    datenum(SC17(1)) datenum(SC18(1)) datenum(SC19( 1)) datenum(SC20(1)) ...  
    datenum(SC21(1)) datenum(SC22(1)) datenum(SC23( 1)) datenum(SC24(1))]; 
  
SCEnds1to23=[datenum(SC1(2)) datenum(SC2(2)) datenu m(SC3(2)) 
datenum(SC4(2)) ...  
    datenum(SC5(2)) datenum(SC6(2)) datenum(SC7(2))  datenum(SC8(2)) ...  
    datenum(SC9(2)) datenum(SC10(2)) datenum(SC11(2 )) datenum(SC12(2)) ...  
    datenum(SC13(2)) datenum(SC14(2)) datenum(SC15( 2)) datenum(SC16(2)) ...  
    datenum(SC17(2)) datenum(SC18(2)) datenum(SC19( 2)) datenum(SC20(2)) ...  
    datenum(SC21(2)) datenum(SC22(2)) datenum(SC23( 2))]; 
  
SCMaxs1to23=[datenum(SC1max) datenum(SC2max) datenu m(SC3max) 
datenum(SC4max) ...  
    datenum(SC5max) datenum(SC6max) datenum(SC7max)  datenum(SC8max) ...  
    datenum(SC9max) datenum(SC10max) datenum(SC11ma x) datenum(SC12max) ...  
    datenum(SC13max) datenum(SC14max) datenum(SC15m ax) datenum(SC16max) ...  
    datenum(SC17max) datenum(SC18max) datenum(SC19m ax) datenum(SC20max) ...  
    datenum(SC21max) datenum(SC22max) datenum(SC23m ax)]; 
  
mean_length_SC_days=mean(SCEnds1to23-SCStarts1to24( 1:23)); 
mean_length_SC_years=mean_length_SC_days/365; 
mean_length_start2max_days=mean(SCMaxs1to23-SCStart s1to24(1:23)); 
  
%-------------------------------------------------- ------------------------  
% CALCULATE STARTS/MAXS OF FUTURE SOLAR CYCLES 
%-------------------------------------------------- ------------------------  
NoSC2model=MaxFuture/mean_length_SC_years+1; 
newSCStarts=zeros(1:length(NoSC2model)); 
newSCMaxs=zeros(1:length(NoSC2model)+1); 
  
newSCMaxs(1)=SCStarts1to24(24)+mean_length_start2ma x_days; 
for  ii=1:NoSC2model 
    newSCStarts(ii)=SCStarts1to24(24)+ii*mean_lengt h_SC_days; 
    newSCMaxs(ii+1)=newSCStarts(ii)+mean_length_sta rt2max_days; 
end  
  
SCStarts=[SCStarts1to24 newSCStarts]; 
SCMaxs=[SCMaxs1to23 newSCMaxs]; 
  
%-------------------------------------------------- ------------------------  
% KPmodel  
%-------------------------------------------------- ------------------------  
KPmodelcoeffs=[9.70597652165458e-28,-1.140275373075 84e-
22,1.32768005378738e-18, ...  
    1.38038788538106e-13,-2.88953089501462e-09,8.59 861421346851e-05, ...  
    22.6940634506180]; 
KPtimeline_hours=(-35807:76729); 
  
%-------------------------------------------------- ------------------------  
% FIND DAY'S POSITION IN SOLAR CYCLE  
%-------------------------------------------------- ------------------------  
SCNo=0; 
for  kk=1:length(SCStarts) 
    if  DayofInter>SCStarts(kk) 
        SCNo=SCNo+1; 
    end  
end  
  
Tfmx=DayofInter-SCMaxs(SCNo); 
Tfmx_hours=Tfmx*24; 



 

 

if  ~(Tfmx_hours>KPtimeline_hours(1) && Tfmx_hours<KPt imeline_hours(end)) 
    if  Tfmx_hours<KPtimeline_hours(1) 
        Tfmx_hours=KPtimeline_hours(1); 
    elseif  Tfmx_hours>KPtimeline_hours(end) 
        Tfmx_hours=KPtimeline_hours(end); 
    end  
end  
  
%-------------------------------------------------- ------------------------  
% GET MODEL VALUE 
%-------------------------------------------------- ------------------------  
KPvalue=polyval(KPmodelcoeffs,Tfmx_hours); 
  
%-------------------------------------------------- ------------------------  
% PLOT 
%-------------------------------------------------- ------------------------  
if  1 
KP=polyval(KPmodelcoeffs,KPtimeline_hours); 
  
figure; 
plot(KPtimeline_hours,KP, 'b' , 'LineWidth' ,2) 
hold on 
plot(Tfmx_hours,KPvalue, 'o' , 'MarkerEdgeColor' , 'k' , 'MarkerFaceColor' , 'm' , 'Ma
rkerSize' ,6) 
title([ 'Kp model evaluation at Day = ' ,Day]) 
xlabel( 'Hours from SC maximum' ) 
ylabel( 'Kp Activity Index' ) 
end  

 



 

 

Appendix C 
 

Code Longitude Latitude Altitude (m) Name 

AAA 76.9000 43.2000 1300 Alma Ata 

AAE 38.7700 9.0300 2441 Addis Ababa 

ABG 72.8700 18.6200 7 Alibag 

ABK 18.8230 68.3580 380 Abisko 

AIA -64.2500 -65.2500 10 Argentine Islands (Akademik 
Verdansky base) 

ALE -62.3530 82.4970 60 Alert 

AMS 77.5700 -37.8000 50 Martin de Vivies-Amsterdam 
Island 

AMT 34.9170 31.5500 350 Amatsia 

API -171.7800 -13.8000 2 Apia 

AQU 13.3200 42.3800 682 L'Aquila 

ARS 58.5670 56.4330 290 Arti 

ASC -14.3800 -7.9500 177 Ascension Island 

ASP 133.8800 -23.7700 557 Alice Springs 

BDV 14.0200 49.0800 496 Budkov 

BEL 20.7900 51.8400 180 Belsk 

BFE 11.6700 55.6300 80 Brorfelde 

BFO 8.3250 48.3310 641 Black Forest 

BGY 35.0880 31.7230 750 Bar Gyora 

BJN 35.0880 31.7230 750 Bear Island 

BLC -96.0120 64.3180 30 Baker Lake 

BMT 116.2000 40.3000 183 Beijing Ming Tombs 

BNG 18.5700 4.3300 395 Bangui 

BOU -105.2400 40.1400 1682 Boulder 

BOX 38.2300 58.0700 115 Borok 

BRW -156.6200 71.3200 12 Barrow 

BSL -89.6400 30.3500 8 Stennis Space Center 

CBB -105.0310 69.1230 20 Cambridge Bay 

CBI 142.1850 27.0960 155 Chichijima 

CDP 103.7000 31.0000 653 Chengdu 

CLF 2.2700 48.0200 145 Chambon la Foret 

CMO -147.8600 64.8700 197 College 



 

 

CNB 149.3600 -35.3200 859 Canberra 

CNH 124.8600 44.0800 187 Changchun 

CSY 110.5330 -66.2830 40 Casey Station 

CTA 146.3000 -20.1000 370 Charters Towers 

CZT 51.8700 -46.4300 160 Port Alfred 

DLR -100.9200 29.5000 355 Del Rio 

DOB 9.1170 62.0730 660 Dombas 

DOU 4.6000 50.1000 225 Dourbes 

DRV 140.0100 -66.6700 30 Dumont d'Urville 

DVS 77.9670 -68.5830 29 Davis 

EBR 0.4900 40.8200 46 Ebro 

ELT 34.9500 29.6670 250 Eilat 

ESA 141.3550 39.2370 396 Esashi 

ESK -3.2000 55.3200 245 Eskdalemuir 

EYR 172.3500 -43.4200 120 Eyrewell 

FCC -94.0880 58.7590 15 Fort Churchill 

FRD -77.3700 38.2000 69 Fredericksburg 

FRN -119.7200 37.0900 331 Fresno 

FUR 11.2800 48.1700 572 Furstenfeldbruck 

GCK 20.8000 44.4000 231 Grocka 

GDH -53.5300 69.2500 24 Qeqertarsuaq (Godhavn) 

GLM 94.9000 36.4000 2802 Golmud 

GNA 116.0000 -31.8000 60 Gnangara 

GUA 144.8700 13.5900 140 Guam 

GUI -16.4410 28.3210 868 Guimar-Tenerife 

GZH 112.5000 23.0000 14 Zhaoqing 

HAD -4.4800 51.0000 95 Hartland 

HBK 27.7100 -25.8800 1522 Hartebeesthoek 

HER 19.2300 -34.4300 26 Hermanus 

HLP 18.8200 54.6100 1 Hel 

HON -158.0000 21.3200 4 Honolulu 

HRB 18.1900 47.8600 112 Hurbanovo 

HRN 15.3700 77.0000 15 Hornsund 

HTY 139.8250 33.0730 220 Hatizyo 

HUA -75.3300 -12.0500 3313 Huancayo 

IQA -68.5180 63.7530 67 Iqaluit 



 

 

IRT 104.4500 52.2700 460 Irkutsk 

IZN 29.7200 40.5000 256 Iznik 

JCO -148.7990 70.3560 20 Jim Carrigan Observatory 

KAK 140.1800 36.2300 36 Kakioka 

KDU 132.4700 -12.6900 14 Kakadu 

KIR 20.4200 67.8430 395 Kiruna 

KNY 130.8800 31.4200 107 Kanoya 

KNZ 139.9560 35.2560 342 Kanozan 

KOU -52.7300 5.2100 10 Kouruo 

KSH 76.0000 39.5000 1321 Kashi 

LER -1.1800 60.1300 85 Lerwick 

LIV -60.3950 -62.6620 19 Livingston Islan 

LNP 121.2000 25.0000 100 Lunping 

LOV 17.8200 59.3400 30 Lovoe 

LRM 114.1000 -22.2200 4 Learmonth 

LRV -21.7000 64.1830 5 Leirvogur 

LVV 23.7500 49.9000 326 Lviv 

LYC 18.8000 64.6000 270 Lycksele 

LZH 103.8400 36.1000 1560 Lanzhou 

MAB 5.6820 50.2980 440 Manhay 

MAW 62.8800 -67.6000 12 Mawson 

MBO -16.9700 14.3800 7 Mbour 

MCQ 158.9500 -54.5000 4 Macquarie Island 

MEA -113.3470 54.6160 700 Meanook 

MIR 93.0170 -66.5500 20 Mirny 

MIZ 141.2040 39.1120 125 Mizusawa 

MMB 144.1900 43.9100 42 Memambetsu 

MOS 37.3120 55.4670 192 Krasnaya Pakhra (Moscow) 

MZL 117.4000 49.6000 682 Manzhouli 

NAQ -45.4300 61.1700 4 Narsarsuaq 

NCK 16.7200 47.6300 153 Nagycenk 

NEW -117.1200 48.2700 770 Newport 

NGK 12.6800 52.0700 78 Niemegk 

NUR 24.6600 60.5100 105 Nurmijarvi 

NVS 83.2300 54.8500 130 Novosibirsk 

OTT -75.5520 45.4030 75 Ottawa 



 

 

PAF 70.2600 -49.3500 35 Port-au-Francais 

PAG 24.2000 42.5000 556 Panagjurishte 

PBQ -77.7450 55.2770 40 Poste-de-la-Baleine 

PHU 105.9500 21.0300 5 Phuthuy 

PPT -149.5800 -17.5700 357 Pamatai 

PST -57.8900 -51.7000 135 Port Stanley 

QGZ 109.8000 19.0000 227 Qiongzhong 

QIX 108.2000 34.6000 893 Qianling 

QSB 35.6000 33.9000 525 Qsaybeh 

RES -94.8950 74.6900 30 Resolute Bay 

SBA 166.7800 -77.8500 10 Scott Base 

SBL -60.0100 43.9320 5 Sable Island 

SFS -5.9450 36.6670 111 San Fernando 

SHU -160.4600 55.3500 83 Shumagin 

SIL 92.8200 24.9300 21 Silchar 

SIT -135.3300 57.0600 24 Sitka 

SJG -66.1500 18.1100 424 San Juan 

SOD 26.6300 67.3700 178 Sodankyla 

SPT -4.3500 39.5500 922 San Pablo-Toledo 

SSH 121.1870 31.0970 100 Sheshan 

STJ -52.6770 47.5950 100 St John's 

SUA 26.2500 44.6800 84 Surlari 

TAM 5.5300 22.7900 1373 Tamanrasset 

TAN 47.5520 -18.9170 1375 Antananarivo 

TDC -167.6850 -37.0670 42 Tristan da Cunha 

TEO -99.1900 19.7500 2280 Teoloyucan 

TFS 44.7050 42.0920 980 Dusheti (Tblisi) 

THJ 102.7000 24.0000 1820 Tonghai 

THL -69.2300 77.4700 57 Qaanaaq (Thule) 

THY 17.5400 46.9000 187 Tihany 

TIR 77.8200 8.6700 150 Tirunelveli 

TND 124.9500 1.2900 704 Tondano 

TRO 18.9480 69.6630 105 Tromso 

TRW -65.3000 -43.3000 15 Trelew 

TSU 17.5840 -19.2020 1100 Tsumeb 

TUC -110.7300 32.1800 946 Tucson 



 

 

UPS 17.3530 59.9030 50 Uppsala 

VAL -10.2500 51.9330 14 Valentia 

VIC -123.4200 48.5200 197 Victoria 

VOS 106.8670 -78.4500 3500 Vostok 

VSK 83.3200 17.6700 5 Visakhapatnam 

VSS -43.6500 -22.4000 457 Vassouras 

WHN 114.5590 30.5280 42 Wuhan 

WIK 16.3180 48.2650 400 Wien Kobenzl 

WNG 9.0700 53.7400 50 Wingst 

YKC -114.4820 62.4800 198 Yellowknife 
 


