A GPS-based method for pressure corrections to
neutron monitor data

IZAK G. MORKEL



A GPS-based method for pressure corrections to
neutron monitor data

Izak G. Morkel, B.Sc.

Dissertation accepted for the degree Master of Science in Physics
at the North-West University

Supervisor: Prof. H. Moraal
Co-supervisor: Dr A.Z A. Combrink
july 2008

Potchefstroom Campus



Abstract

Galactic cosmic rays are high-energy particles in the heliosphere. When entering the atmo-
sphere of earth, they interact with the nuclei of air molecules, which then cascade down to
the earth’s surface. The nuclear active secondary particles of the cascade consist of protons
and neutrons, and the amounts of these different species are dependent on the thickness of the
atmosphere. Neutron monitors detect these nuclear active secondaries, and to normalise these

counting rates from day to day requires accurate pressure measurements e.g. Kriiger (2006).

With a normal barometer, accurate pressure measurements can be obtained, but it has been
found that when a strong wind blows, the pressure drops. According to Malan and Moraal
(2002) this drop in pressure can be explained by the Bernoulli effect. The idea therefore is to
make use of the latest technology, in this case the Global Positioning System (GPS), to correct
for this environmental effect. GPS technology makes it possible to determine the column den-
sity of air above a certain area with high precision, but it is greatly affected by precipitable
water vapour in the atmosphere e.g. Combrink (2003). The idea then is to determine a method
for using the strong points of both sets of data, to find a possible data set in which both weather
conditions (wind and humidity) are corrected for. If this is possible it will greatly increase the

accuracy of neutron monitor data around the world.
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Opsomming

‘n GPS gebaseerde metode vir druk korreksies aan neutron monitor
data

Galaktiese kosmiese strale is hoé energiedeeltjies in die heliosfeer. Wanneer dit die atmosfeer
van die aarde binne kom, bots dit teen die kerne van lugmolekules, en veroorsaak ‘n kaskade
van sekondére deeltjies. Die kernaktiewe sekondére deeltjies van die kaskade bestaan uit pro-
tone en neutrone: die hoeveelheid van die deeltjies is athanklik van die dikte van die atmosfeer.
Neutron monitors neem hierdie kernaktiewe sekondére deeltjies waar. Om die teltempo van

dag tot dag te normaliseer vereis akkurate drukmetings bv. Kriiger (2006).

Met ‘'n barometer kan akkurate drukmetings geneem word, maar daar is bevind dat as daar ‘n
sterk wind waai, dan val die druk. Volgens Malan and Moraal (2002) kan die val in die druk
verduidelik word deur die Bernoulli effek. Daarom is die doel van hierdie verhandeling om
van die nuutste tegnologie, in die geval die Globale Posisionering Sisteem (GPS), gebruik te
maak om te korrigeer vir hierdie omgewingseffek. GPS tegnologie maak dit moontlik om die
kolomdigtheid van lug bo ‘n sekere area met hoé akkuraatheid te bepaal. Die GPS tegnologie
word egter grootliks geaffekteer deur die hoeveelheid waterdamp in die atmosfeer. Daarna
word ‘n metode vasgestel wat die sterk punte van beide die datastelle besit. Hierdie nuwe
datastel moet vir beide die weerkondisies (wind en water damp) gekorrigeer wees. As dit
moontlik is, sal dit die akkuraatheid van neutronmonitordata dwarsoor die wéreld grootliks

verbeter.

Sleutelwoorde: neutron monitor, dispersie,
GNSS, atmosferiese druk

GPS, kosmiese strale
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Nomenclature

List of key terms and abbreviations

AU

CME
DoD
GCR
GLONASS
GNSS
GPS
HartRAO
HCS
HMF
KWV
LISM
NAVSTAR
NCEP
NwWU
PTE
PWV
SAWS
SLR

SMF

usp
VLBI
ZTD

Astronomical Unit

Coronal Mass Ejection

United States Department of Defense
Galactic Cosmic Ray

Global Orbiting Navigation Satellite System
Global Navigation Satellite System

Global Positioning System

Hartebeesthoek Radio Astronomy Observatory
Heliospheric Current Sheet

Heliospheric Magnetic Field

Kuemmel Water Vapour

Local Interstellar Medium

Navigation System with Timing and Ranging
National Centers for Environmental Prediction
North-West University

Parker Transport Equation

Precipitable Water Vapour

South African Weather Services

Satellite Laser Ranging

Solar Magnetic Field

Unit for Space Physics

Very Long Baseline Interferometry

Zenith Tropospheric Delay
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Chapter 1

Introduction

Galactic cosmic rays (GCRs) are energetic atomic nuclei produced in our galaxy. When prop-
agating through the heliosphere they are affected by the solar magnetic field embedded in the
outward flow of the solar wind. This interaction between particles and solar effects is called
the modulation of cosmic rays. Furthermore, when the GCRs encounter the magnetic field of
the earth, they get deflected by an amount that is determined by their rigidity (momentum per
charge). If this rigidity is below the so-called cut-off rigidity, they can not penetrate through
the geomagnetic field to the surface. When entering the aimosphere of Earth the GCRs collide
inelastically with the nuclei of air molecules, these collisions forming a cascade of secondary
nuclear active particles, the number being determined by the thickness of the atmosphere, and

hence the atmospheric pressure.

From 1948 to 1951 J.A Simpson developed what is commonly known today as the neutron
monitor (Simpson, 2000). These neutron monitors are long-term cosmic-ray detectors able to
detect the secondary nuclear active particles from the cosmic-ray particle cascade. In the be-
ginning of the 1960s a network of about a 100 neutron monitors was established in a grid on
Earth, but according to Shea and Smart (2000) these numbers have reduced to approximately 40
presently. The decrease in operating neutron monitors is mainly due to space missions being
able to measure the energy spectra of cosmic rays directly, which is not possible with neutron

monitors.

A neutron monitor’s counting rate is sensitive to atmospheric pressure, and therefore correc-
tions of the pressure variations are important. These pressure measurements are affected by

wind through the so-called Bernoulli effect. A study was done by Malan and Moraal (2002)
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on this effect, showing that the Bernoulli effect describes only a fraction of the wind effect
on pressure measurements. In the same paper it is suggested that technology like the Global

Positioning System (GPS) may also be used to correct, or eliminate, for this effect.

In collaboration with the Hartebeesthoek Radio Astronomy Observatory (HartRAO) Space
Geodesy Programme it was brought to our attention that GPS technology may now have be-
come accurate enough to be used to correct for this wind effect on pressure readings near
neutron monitors. A GPS signal is delayed by the ionosphere and neutral atmosphere of the
earth. The ionospheric delay can readily be calculated, but the tropospheric part of the delay is
highly variable due to the highly variable precipitable water vapour (PWV) in the atmosphere.
Combrink (2003) and Combrink (2006) studied this effect of the PWV on the signal.

The main aim of this dissertation is twofold: firstly to use the data of a barometer and the GPS
to find a combined data set of pressure which is corrected for wind speed and PWV (absolute
humidity). This combined set will greatly increase the accuracy of the pressure correction
on neutron monitor data, and may even be used in other applications in industry. Secondly,
this study is focused on the SANAE IV neutron monitor. Therefore, the environmental effects
at the SANAE IV base in Antarctica will be studied in greater detail. A quantitive opinion
will be given on the possibility of certain research projects benefiting from the environmental

conditions there.

In Chapter 2 some basic concepts of heliospheric physics are introduced which are important
in understanding the need for accuracy on the neutron monitor counting rate. In the first
place, cosmic rays and their potential for revealing the various properties of the heliosphere,
e.g. the solar wind and magnetic field, are discussed. This is followed by a brief history of
the development of cosmic-ray detectors, with emphasis on neutron monitors. Thereafter,
the effect the atmospheric pressure has on neutron monitor counting rates and how this is
corrected for, is investigated. Finally, the different types of barometers used with the neutron

monitors are described.

The theme of this study is how to avoid wind effects on atmospheric pressure readings which
have to be used to correct neutron monitor data. In order to do so, Chapter 3 is devoted to
discussing the wind effect on atmospheric pressure, and how it may be compensated for. This

chapter has a threefold purpose. Firstly, a review is given of earlier work that was done in this
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regard by Maletsoa (2000) and Malan and Moraal (2002). Thereafter, a full derivation is given of
the Bernoulli effect according to Choudhuri (1998). Finally, this effect is used, and following the
data analysis method of Malan and Moraal (2002), it is shown that it does not fully account for
the wind effect observed at the SANAE IV base.

In Chapter 3 it is stated that the Bernoulli effect was not effective in quantifying the wind
speed problem, and therefore the results are not satisfying. In Malan and Moraal (2002) it is
suggested that GPS technology should be considered to find a suitable solution to determine
the atmospheric pressure. Chapter 4 is devoted to justify why GPS may be able to eliminate
the wind speed problem, and to explain how such a GPS works. Firstly, justification for the
ability of the GPS to eliminate the wind effect will be discussed. Then a short history is given
on the GPS and how it was developed. After that a discussion on the different types of Global
Navigation Satellite System (GNSS) follows, as well as the basic components of these systems.
Finally, the method to determine the position of a receiver, and the applications of the system

are discussed.

In Chapter 5 a detailed discussion is given on the atmospheric characteristics that influence
GPS signals. The first part will focus on the derivation and meaning of the Clausius-Clapeyron
relation and water vapour equation. Finally, discussions are presented on the delay of the GPS

signal due to the troposphere and ionosphere.

The main idea of the data analysis method is to find a method able to eliminate the precipitable
water vapour (PWV) and wind effect on pressure by integrating the two data sets and finding
a corrected data set. In Malan and Moraal (2002) the Bernoulli effect was found only to describe
38% of the effect of wind on the pressure data. GPS-pressure results are not affected by wind,
but by PWV. PWV measurements are very low at SANAE IV base, and therefore it should be
suitable spot for the data analysis. In Chapter 6 the reasons for using the specific location, and
instrumentation are discussed. Then the simple regression plots between the different pressure
methods are discussed, and lastly the different water vapour pressure equations are compared

to find the best way to include water vapour. Chapter 7 is devoted to conclusions.







Chapter 2

Cosmic rays and their detectors

2.1 Introduction

In this chapter some basic concepts of heliospheric physics are introduced, which are impor-
tant in understanding the need for accuracy on the neutron monitor counting rate. Firstly,
cosmic rays and their potential for revealing the various properties of the heliosphere, e.g. the
solar wind and magnetic field, are discussed. This is followed by a brief history of the de-
velopment of cosmic-ray detectors, with emphasis on neutron monitors. Thereafter, the effect
the atmospheric pressure has on neutron monitor counting rates and how this is corrected for,
are investigated. Finally, the different types of barometers used with the neutron monitors are

described.

2.2 Cosmic rays

Galactic cosmic rays are charged particles, with energies ranging from 108-10%° eV, which are
formed outside our solar system. Higher energy cosmic rays, up to ~ 10%° eV, are probably of
extragalactic nature. They propagate into the heliosphere and get modulated by the effects of
the sun; i.e. the heliospheric magnetic field (HMF) embedded in the solar wind, coronal mass
ejections (CMEs) and solar flares. When the GCRs enter the heliosphere, they propagate along
the HMF, which is transported outwards by the solar wind. Because the GCRs are tied to the
magnetic field lines, it is possible to extract information about the structure of the heliosphere

from cosmic-ray observations.



6 2.2. COSMIC RAYS

110 1000
A<0 A>0 A<0 A>0 930
100 Hermanns
6
20
> SANAE
&3
3T
2 = Potchefstroom
70
I_ co Tsumeb
o P
60
C
0 203
0
50 A ] ] ]
Ik A 111-
n
40
1955 1930 1985 1970 1975 1980 1985 199Q 1935 2000 2005
Year

Figure 2.1: The counting rate for the four MWU neutron monitors together with the sunspot number.
The sunspot number is anti-correlated with the counting rate, and it shares an 11-year periodicity. The
two peaks (1965,1987) and two plateaus (1976,1997) are caused by the bipolar magnetic field of the sun.

Figure 2.1 shows the counting rate of the four North-West University (NWU) neutron mon-
itors, together with the sunspot number for that period of time. The counting rate for each
monitor was normalized to have a counting rate of 100% in May 1965. For clarity, factors of
10, 20, and 30% are subtracted from the counting rates of the SANAE IV, Potchefstroom and
Tsumeb monitors respectively. There is a clear anti-correlation between the sunspot number
and neutron monitor counting rates, which is called modulation due to variations in solar ac-
tivity. The Hermanus monitor has four maximum and four minirnum values for the counting
rate. The solar activity is at a maximum (minimum) every 11 years, and therefore is referred
to as the 11-year solar cycle. The A > 0and A < 0signs on top of the individual cycles des-
ignate a property of the solar magnetic cycle. These counting rates form peaks in 1965 and
1987, and plateaux in 1976 and 1997, due to particle drifts, as described in Section 2.5.2. These
peaks (plateaux) occur every 22 years, and they are caused by the bipolar solar magnetic field

reversing polasity every 11 years.

According to Simpson (1992) the cosmic rays reaching earth, consist of 98% nuclei (entirely



