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Abstract

The apparent teleconnection between cosmic-ray muon flux over a base point
in the Caribbean is discussed against the background of an extensive record
of indices representing large-scale climatic phenomena, but limited cos-
mic-ray muon flux data. Many investigators have shown that large-scale cli-
mate phenomena influence sub-seasonal and seasonal climate variability, es-
pecially in the northern hemisphere and their impacts on the Caribbean are
well documented. These climatic phenomena that impact the Caribbean in-
clude, but are not limited to, the El Nino Southern Oscillation, the Qua-
si-Biennial Oscillation, the North Atlantic Oscillation, and the Arctic Oscilla-
tion which is now being investigated. Although strong statistical correlation
between variables over non-contiguous regions are not absolute as proof of te-
leconnections, the correlation strength can be used as an indication of its exis-
tence. The data gathered at the Mona Campus of the University of the West In-
dies, in Jamaica, using a simple QuarkNet 6000 muon detector over the period
September 2011 to September 2013, showed an apparent significant relation-
ship with these climatic indices. This suggests that cosmic-ray muon flux
might be linked to the behavior of the climate phenomena and therefore can
be used as a climate or meteorological index over the Caribbean.
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1. Introduction: Muon Teleconnection

Outside of the well-known diurnal atmospheric cycles, other oscillation time
scales vary from weeks to months, and years. The Madden-Julian Oscillation
(MJO), El Nino and Southern Oscillation (ENSO) and Quasi-Biennial Oscilla-
tion (QBO) are just a few examples. It has been argued by researchers such as [1]
and [2] that weather and climate phenomena (some of which are strongly corre-
lated to each other), are also linked to cosmic-ray muon flux (CMF). The Carib-
bean based on its geographic, atmospheric and climatic features—some of which
can be argued as being fixed or change very little over time—can be considered
as being unique. For example, the highest mountains are found in the central
Caribbean over Hispaniola and Jamaica [3] and sea surface temperatures above
28.5°C referred to as the Caribbean Warm Pool constitute part of the second
largest body of very warm water on earth [4]. Both of these contribute to cloud
development, influence the movement of weather systems and the intensity of
rainfall across the central Caribbean (especially). These and other features such
as tropopause height and the geomagnetic cut off rigidities, do not have frequent
significant change in values, but also have an impact on cosmic ray muon flux
and make the region and sub-region unique.

Yet another significant feature in the Caribbean region is the mid-summer
drought (MSD) which is a relative lull in rainfall activity during the period late
June-early August of each year. In their effort to understand this phenomena [5]
suggest a link between the MSD and sub-micron aerosols during this period. [6]
also argued that a large aerosol flux of anthropogenic origin occurred during
June, July and August. This they argue contains large amounts of submicron
aerosol and suggest that this increased amount leads to a reduction in rainfall
during the period. [7] explains that atmospheric aerosols affect precipitation by
reducing the amount of radiation reaching the ground and therefore suppress
precipitation in shallow and short-lived clouds. They also argued that this is due
to increased heat added to the clouds in which they mix and leads to reduced
cloud coverage as a result of evaporation. [8] argued a connection between ga-
lactic cosmic-ray (GCR) and ENSO trends, while [9] highlighted the emer-
gence of Cosmoclimatology and a link between GCR, cloud condensation nuclei
(CCN) and cloud formation based on satellite observed clouds. However, this
has been very controversial as [10] in their review of this cloud-climate-cosmic
ray flux hypothesis, found strong arguments on both sides, proving the need for
more affirmative investigations. These arguments are of much interest to Carib-
bean researchers since CCN liberated by GCR are below normal sizes (<20 nm)
and rainfall over the Caribbean over the last 20 to 30 years is generally on the
decline.

Muons are sub-atomic particles produced when cosmic radiation enter the
earth’s atmosphere and interact with nuclei and other aerosols. The initial reac-
tion generates Pions and Kaons which decay immediately to form muons, neu-

trinos, and electrons. Authors such as [11], [12], [13] and [14] have suggested
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that some teleconnections exist between cosmic-ray muons flux (CMF) and me-
teorological phenomena based on the physical relationship between atmospheric
temperature and pressure. According to [15], over the past 30 years, the NAO
has been trending towards a more positive phase, which indicates warmer and
wetter conditions over eastern USA. [16] argued that the abnormally high solar
activity between solar cycles 23 and 24 has caused the longest solar minima in
over 80 years and an unusually small solar maxima of cycle 24. This has resulted
in very weak solar activity, the highest flux of galactic cosmic rays and relatively
small amounts of energetic particle events. [17] also argues the existence of a
link between solar activity and cosmic-ray flux, by stating that a more active Sun
has a stronger associated solar wind, which reduces the flux of cosmic rays
reaching the Earth. [18] was among the first to show that the variation in cosmic
ray muon flux (CMF) is conspicuously related to latitude, altitude and other
factors such as the strength of geomagnetic cut off rigidity (GCOR). [19] have
also shown that the diurnal anisotropy (unequal physical properties along dif-
ferent axes) of cosmic-ray has both latitudinal and longitudinal dependences and
both arguments suggest that CMF can be specifically linked to parameters over a
base point region.

Observed trends in the factors such as latitude, GCOR, tropopause height,
temperature and pressure which have been shown to influence cosmic ray muon
flux decrease polewards. However, air density and the general flux in cosmic ray
muons increase polewards. [9] and [20] go further and also suggest that while
clouds below 3 km are uncorrelated at mid and high latitudes with cosmic-rays,
a strong correlation exists with clouds at low latitudes. This, therefore, gives im-
petus to this study as we seek a regional or Caribbean CMF perspective. Our
hypothesis is therefore that extra-atmospheric factors can result in significant
events such as ground level enhancements (GLE) and Forbush decrease (Fds).
Apart from these phenomena the contribution to changes in cosmic ray muon
flux would not be significant. The dominant factors that will modify the muon
flux in the troposphere are therefore a) geospatial—that is the area of the base
point region, the GCOR and the location of detector above sea level—and b) the
geo-meteorological factors—that is the frequency and type of weather systems,
the height of the tropopause and in our case the presence of the Caribbean warm
pool (sea surface temperature anomalies). These are the factors that will impact
atmospheric temperature and pressure and by extension the muon flux. These
factors are also susceptible to being influenced by global and regional telecon-
nections. Furthermore, if the cosmic-ray muon flux can be linked to large scale
circulation and by extension be used to explain the variability distinguished
from small-scale localized effects, then as suggested by [21] it could also be used
to account for 10% - 20% of the total seasonal variance (depending on season
considered).

Establishing linkages between atmospheric and climate variables within stan-
dardized base points with other elements from non-contiguous regions is de-

scribed as teleconnection. According to [22], these base points can also be des-

DOI: 10.4236/acs.2019.94039

628 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2019.94039

L. P. Brown et al.

ignated by researchers as well as be determined by objective research methods.
The teleconnections between meteorological and climate phenomena are very
important as they are responsible for early detection and evolution of substantial
variations in weather and climate events. The linkage between large-scale climate
phenomena from non-contiguous regions can also be connected to severe weather
conditions in the Caribbean and by itself be reason enough for robust investiga-
tions. Correlations between various climate phenomena were therefore done over
the long term to determine the strength of their relationship and verified what
was widely documented. [22] argued that teleconnection maps can be con-
structed using parameters measured at the surface (for example pressure) and
that statistical correlation can be used as an indication of the teleconnection
strength. The decision to use large scale climate phenomena was deliberate as
several studies have shown that the Caribbean has been impacted by various
climate phenomena. [23] for example, argued that the interannual variability of
Caribbean rainy season was strongly influenced by both the tropical Atlantic and
the nearby tropical and equatorial pacific. The primary question we sought to
answer was whether there exists an apparent link between the large-scale climate
phenomena which impact Caribbean climate and cosmic-ray muon flux over the
Caribbean by using Jamaica as a proxy. The following sections give further

background on this discussion.

2. Teleconnection Base Point and Domains

In the broadest sense, Caribbean countries are those which border the Caribbean
Sea. The sub-divisions include the Greater Antilles, which include Jamaica in the
northwestern section, and the Lesser Antilles which include Barbados located
outside the chain of islands in the east. The area designated as “base point” is
one established by the Meteorological Service, Jamaica (MS]) as the “severe
weather grid” (hereinafter the SWG). This area is bounded by coordinates 14°N/
71°W, 14°N/83°W, 21°N/83°W and 21°N/71°W with Jamaica almost at its cen-
tre [24]. Several important studies of the region have described different geo-
graphical areas as the Caribbean. For example [25] while investigating the link
between early-season Caribbean rainfall and El Nino+1 year used the latitudinal
range 5°N to 28°N and longitude 60°W to 90°W. [26] in their study using 35
stations over the region referenced Barbados (13.10°N/59.50°W) as the most
southern and farthest east, Green Turtle Cay Bahamas (26.75°N/77.32°N) as the
most northern and Paso Real De San Diego (22.55°N/83.30°W) as the most wes-
terly station to examine Caribbean teleconnections. Figure 1 is a schema of the
region with SWG.

This study therefore, had 3 main components. The first was to establish a base
region (the SWG) as described earlier (Figure 1). This specifies a designated
reference area for the data gathered and provides a Caribbean context. The
second component was the selection of the non-contiguous areas and large scale

climate indices for these areas. The third component was the data analysis and
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Figure 1. Schematic diagram of Jamaica Severe Weather Grid with coordinates 21°N/
83°W, 21°N/71°W, 14°N/83°W, 14'N/71°W.

Figure 2. Map identifying approx. source regions of various indices and base point.
The Caribbean is location 1, ENSO is location 2 & 3, location 4 & 5 is the NAO & AO
while 6 is the QBO which is above the earth and extend entire Tropics. Map source,
worldmap.com.

the completion of the statistical correlation between the indices representing the
climatic phenomena, base point rainfall (using Jamaica monthly rainfall), and
cosmic-ray muon flux. The large scale climate phenomena chosen to represent
non-contiguous areas were the Quasi-Biennial Oscillation, (QBO), the El Nino
(EN), La Nina (LN), the Southern Oscillation (SO), the North Atlantic Oscilla-
tion (NAQO) and the Arctic Oscillation (AQO). Of all these indices the link be-
tween the arctic oscillation AO and Caribbean weather or climate is least or
never been explored. The indices representing these climatic phenomena were
sourced from various research data sites associated with the US National Ocea-
nic and Atmospheric Administration (NOAA). The period of the study coin-
cided with the mini-maximum of solar cycle 24 and represents a random sam-
ple. To assist with linking the various regions involved Figure 2 shows a map of
the globe showing the source region of the various indices. The following sec-
tions give background on the climate indices used to establish teleconnection,
this is followed by discussion regarding data, method, results, and conclusion
based on the statistical correlation.

2.1. Background on Climate Indices for Teleconnection

2.1.1. The Quasi-Biennial Oscillation (QBO)
The QBO is a downward propagating easterly and westerly wind regime that
occur within the tropical stratosphere and troposphere. This climate phenomenon
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Figure 3. Quasi-Biennial Oscillation Index trend over the study period. Data from:
https://www.esrl.noaa.gov/psd/data/correlation/gbo.data.

have both tropical and extra-tropical effects with a wide range of impacts ex-
tending as far as the mesosphere [27]. The effects on the Caribbean region is
likely from a combination of the tropospheric and stratospheric QBO influen-
cing the number and intensity of tropical cyclones over the Caribbean. For ex-
ample, the seasonal number of tropical storms and hurricanes over the Atlantic
area, are above normal when the stratospheric QBO is in its westerly phase when
compared with its easterly phase [28]. Figure 3 indicates the trend in the stra-
tospheric Quasi-Biennial Oscillation Index (QBOI) during the research period.
The QBO index (QBOI) used in this study was derived from the USA Na-
tional Center for Environmental Protection and the National Center for
Atmospheric Research (NCEP/NCAR) reanalysis data. This represents the zonal
average of the 30 mb zonal winds at the equator. As a tropical phenomenon, the
QBO dominates the region approximately between 23° North and South of the
Equator. The QBOI, when positive, indicates that the zonal wind is coming from
the west (westerlies) while when negative means it is from the east (easterlies).
Both the easterlies and westerlies transitions show a strong preference to occur
during April to June. It is noteworthy that the QBO influences the breakdown of
stratospheric polar vortices during the winter and that the polar vortex in the
stratosphere, affects surface weather patterns [27]. [29] goes further to argue that
when the QBO is easterly (QBOE) or negative phase in the lower stratosphere,
stronger Madden Julian Oscillation (MJO) activity is likely during the northern
hemisphere winter. This relationship they argue has become more evident since
the 1980s when a cooling trend in the equatorial lower stratosphere and a
warming trend in the equatorial upper troposphere became more evident. This is
likely to play an important role in the production of cosmic ray muons and the
flux to the surface since cosmic ray muon production starts in the lower stra-

tosphere.

2.1.2. El Nino Southern Oscillation (ENSO)
The changes in weather to extreme levels over the globe, from droughts to

floods, storms to light stagnant winds and from blizzards to heat waves, have
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been attributed to El Nino Southern Oscillation (ENSO). The El Nino (EN)
phenomenon was represented in this study by the Oceanic Nino Index (ONI)
which is a 3-month running mean average of sea surface temperatures (SST)
over the Nino 3.4 region or 5°N to 5°S of the equator and longitude 120°W to
170°W in the Tropical Pacific. When this unusual warming (El Nino) or cool-
ing (La Nino) occurs, it is usually associated with fluctuations in pressure over
Darwin, Australia (12.46°S, 130.84°E) and Tahiti, French Polynesia (17.64°S,
149.44°W). This pressure fluctuation (or air mass transfers) is referred to as the
Southern Oscillation (SO). The distance between the midpoints of the severe
weather grid (SWG) in the Caribbean to the midpoint of the Nino 3.4 region in
the Tropical Pacific is approximately 7660 km, while the distance to Darwin
Australia is approximately 17,010 km and to Tahiti 8880 km. The Southern Os-
cillation is represented by the Southern Oscillation Index or SOI. Research sur-
rounding the impact of the ENSO phenomenon on the Caribbean is well docu-
mented by authors such as [25] and [26]. The trend in the ONI and SOI over the

research period are shown in Figure 4 and Figure 5 below.
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Figure 4. Oceanic Nino Index trend over the study period. Data from:
http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php.
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Figure 5. Southern Oscillation Index trend over the study period. Data from:
https://www.ncdc.noaa.gov/teleconnections/enso/indicators/soi/data.csv.
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When the Oceanic Nino Index (ONI) is positive (negative) this indicates
warming (cooling). This warming (cooling) is based on sea surface temperatures
(SST) exceeding +0.5°C (—0.5°C). Therefore the degree to which these values
are exceeded indicates the severity of the phenomena. The SOI also corres-
ponds with changes in SST across the eastern tropical Pacific Ocean. When the
SOl is positive, this corresponds with abnormally cold ocean waters across the
eastern tropical pacific and is typical of the La Nina phase. This also coincides
with above normal atmospheric pressure over Tahiti and below normal pres-
sure over Darwin, on the other hand, negative SOI represents below normal
atmospheric pressure over Tahiti and above normal atmospheric pressure over
Darwin. This is typical of the El Nino episodes over the eastern tropical Pacif-
ic. [30] found that ENSO affected hurricane activities by shifting the location
of large scale convection. This is due to the upper tropospheric winds over the
Caribbean and tropical Atlantic becoming more westerly. When the lower lev-
el tropospheric wind speeds are relatively small, this results in enhanced ver-
tical wind shear and reduced hurricane activity during El Nino hurricane sea-
son over the Caribbean. The situation however, is reversed during La Nina epi-

sodes.

2.1.3. North Atlantic Oscillation (NAO)
The North Atlantic Oscillation (NAO) is a large scale seesawing movement of
atmospheric mass between the North Atlantic subtropical high pressure system
and the Icelandic low pressure system [31]. [32] also showed that long term up-
ward trend in NAO accounted for much of the surface air temperature warming
poleward of 20°N. The changes in circulation associated with changes in NAO
index [32] explained, was based on a difference in sea level pressure between
winters with an index value greater than +1 mb. This scenario was similar to the
Southern Oscillation (SO) since both involve pressure changes and are linked to
sea surface warming. The NAO is however, recognized as a regional phenome-
non that influences weather over the Atlantic, with its depth limited to the tro-
posphere. It has been commonly stated that the NAO index, when in a positive
phase, results in mild and wet winter conditions over the eastern USA while
colder, snowier weather conditions accompany the negative phase. [31] con-
cluded that the influence of the NAO on the rainfall variability pattern over
Barbados was dependent on the phase and intensity of ENSO events. While
[26] argued that NAO was negatively associated with Caribbean rainfall when
the preceding winter was considered and positively associated with rainfall
over the southeastern Caribbean (especially during the late summer) when
monthly rainfall was considered. Figure 6 shows the trend in the NAO during
the study period.

This investigation therefore, is in part, a continuation of the search for tele-
connections. In this case, it is between climate phenomena and an extra-atmos-
pheric one (cosmic rays) and its secondary components (cosmic ray muons) that is

influenced by atmospheric conditions. For example, the mechanisms that excite
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Figure 6. North Atlantic Oscillation Index trend over study period.
Data from: https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml.

and sustain the North Atlantic Oscillation (NAO)—one of the notable and earli-
est discovered patterns—are still being investigated.” As [22] stated most elo-
quently regarding the NAO, “although the structure of the prominent telecon-
nection patterns has been known for some time, the reasons for their origin are

not yet well understood.

2.1.4. Arctic Oscillation (AO)

The Arctic Oscillation (AO) is a seesaw in the atmospheric pressure between the
Arctic basin and the surrounding zonal ring [33]. [33] also argued that the AO is
similar to the NAO with a slightly larger horizontal scale and a higher degree of
zonal symmetry. These authors further argued that the NAO is a regional ma-
nifestation of the AO, since the AO is hemispheric. The strength of this argu-
ment is that the NAO and AO share similar characteristics due to the geographic
area covered and the atmospheric depth occupied by both. [34] suggest however,
that the AO extends into the stratosphere and that this phenomenon is linked to
the sudden warming of the stratosphere (aka sudden stratospheric warming or
SSW) and the QBO. Both the QBO and the NAO have been shown to influence
Caribbean weather due to stratospheric-tropospheric coupling. There is how-
ever, a paucity of work seeking to determine the impact or linkages between the
AO and Caribbean weather. This study and others serve to fill that knowledge
gap. Figure 7 shows the trend in the AOI over the research period and the web
source where the data was acquired.

A positive AOI indicates stronger winds associated with the polar vortex
which results in cold air closer to the Polar region while a negative AOI is an in-
dication of weaker westerlies associated with the Polar vortex resulting in cold
arctic air moving further south and storms tracts remaining further south. Ac-
cording to [35] in his investigation of the relationship between ENSO, the Pacific
North American pattern (PNA), the AO/NAO, weather and climate variability
during the Florida dry season. A 50% chance of an extreme freeze over Daytona

Beach Florida is likely during boreal winter when extreme values of negative
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Figure 7. Arctic oscillation index trend over study period. Data from:
http://www.cpc.ncep.noaa.gov/products/precip/ CWlink/daily_ao_index/ao.shtml.

AO occur, while a 0% chance of extreme freeze over is likely when extreme val-
ues of positive AO occur. We also suggest that during the episodic freeze overs
over Florida that the frontal systems that trigger these events are likely to also

affect the central Caribbean and Jamaica.

2.1.5. Summary

Depending on the phase and severity of these indices researchers have shown
that the Caribbean can be impacted by large-scale climate phenomena. What is
also clear is that a connection has been made between large-scale climate phe-
nomena centred over distant regions and the Caribbean but there has been no
attempt that the author recognized after review the available literature to link
these with cosmic ray muon flux over the Caribbean. Importantly the produc-
tion of cosmic ray muon is initiated in the lower stratosphere and the flux of
muons is regulated by the depth of the atmosphere whose expansion and con-
traction is regulated by the temperature in the lower stratosphere and upper
troposphere. Several randomly chosen climate phenomena were used along with
a randomly chosen period to determine the possible teleconnection. The me-

thod, results and conclusions follow.

3. Data, Instrumentation and Method
3.1. Data

The data captured was for the period September 2011 to October 2012. The bin
width used in this study was the 5-minute bin width and consequently, the data
for this entire period was referred to as Muon5. This dataset subsequently di-
vided into two sections. The first section (Sep 2011-Oct 2012) was used as the
control period for the investigation. This period involved the capture and collec-
tion of cosmic ray muons and all other particles impinging on the detector and
so was referred to as cosmic ray muon flux plus (CMF+). During the second pe-
riod (Nov 2012-Sep 2013) the detector was adjusted to be sensitive to cosmic-ray

muons only. The data for this period will be referred to as cosmic ray muon flux
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(CMF). The QuarkNet 6000 cosmic-ray muon detector located at the Mona
Campus of the University of the West Indies was the only detector used. The
gathering of the data for the period Sep 2011, to October 2012 was done using
the single fold coincidence counting method. Coincidence counting is the elec-
tronic means of measuring the number of sub-atomic particles that impact a de-
tector. Coincidence is defined as an event where more than one counter shows a
signal within a time interval of one (1) microsecond or less [36]. When the
system is set to single fold counting, all particles hitting an assigned scintillator
are registered. This single-fold method was changed to double fold or 2-fold
coincidence in November 2012. The change was made to allow for the isola-
tion of muons only. The detector used for this study has 4 counters of which
the top two were assigned for counting. With a 2-fold coincidence, the cosmic
ray detector determines that particles are muons when both counters register
hits within stipulated a period. The data acquisition board for the QuarkNet6000
has a 10 ns resolution and absolute accuracy of 100 ns. Other datasets from the
US National Weather Service/ USA Nation Ocean and Atmospheric Adminis-
tration (NOAA) and the Meteorological Service, Jamaica were also used. Table 1
below indicates the large-scale phenomena and the name of the indices used in
this study.

In considering the teleconnection between base points, the geomagnetic cut
off rigidity (GCOR) values are also important. This is a quantitative measure of
the shielding provided by the Earth’s magnetic field [37]. Both [37] and [38]
highlighted the importance of this parameter and argued that the GCOR is an
ordinate that describes the charge particle access at any location within the
magnetosphere. [37] further stated that cut off rigidity helps to predict the ener-
getic charged particle transmission through the magnetosphere to a specific lo-
cation as a function of direction. The GCOR values are similar for locations at
similar latitudes. For example, the cut off rigidity for Mexico City (19.32°N and
99.2°W) was 8.18 Giga Volts (GV), while in Kingston, Jamaica (18.0°N and
76.44°W) was 8.19 GV. However, when compared with geomagnetic rigidity for

higher latitudinal regions, the value was very different. For example, the value

Table 1. Large scale climate phenomena and their indices.

Climate Phenomena Nomenclature

El Nino (EN), La Nina (LN) Oceanic Nino Index (ONI),

Southern Oscillation (SO) Southern Oscillation Index (SOI)

North Atlantic Oscillation North Atlantic Oscillation Index (NAOI)
Quasi-Biennial Oscillation Quasi-Biennial Oscillation Index (QBOI)
Arctic Oscillation (AO) Arctic Oscillation Index (AOI)
Cosmic-ray muon flux 5 min bin width Muonb5 (total period)

Cosmic-ray muon flux 5 plus noise CMF+

Cosmic-ray muon flux 5 only CMF
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for Oulu in Finland (65.01°N, 25.47°E) was 0.68 GV. In the Caribbean, the val-
ues for the geomagnetic rigidity ranged from 12.33 GV for Port of Spain Trini-
dad (10.66°N, 61.5°W) to 7.81 GV at Guantanamo Bay, Cuba (19.9°N and
75.1°'W). The geomagnetic cut off rigidly does not change drastically unless
there is significant change in the earth’s magnetic field. Table 2 below shows the
geomagnetic cut off rigidity over a 15-year period for coordinate points within
the severe weather grid (SWG), which was used as the base point region.

The cut off rigidity values were generated with a reference year of 2010 using
the cutoff rigidity calculator from the website
http://cosmos.hwr.arizona.edu/Util/rigidity.php accessed 01/11/2018 [39]. Ac-
cording to [40] who accessed geomagnetic cut off rigidities (GCOR) of several

centuries, GCOR are not fixed but have changes that are nonlinear, are highest
near the equator with increases in the order of 1% per annum over the north At-
lantic Ocean and decreases > 0.5% per annum in the south Atlantic.

Another large-scale climate phenomenon of interest was the sudden stratos-
pheric warming (SSW), which was not considered in this study. However, the
SSW does not have an index but have been found to be positively correlated to
cosmic-ray muon flux in the lower stratosphere and inversely correlated to Ja-

maican dry season rainfall in separate studies.

3.2. Instrumentation

In the absence of a Caribbean-wide cosmic-ray muon detection network, a single
detector was used in this study. The QuarkNet 6000 cosmic-ray muon detector is
similar to the one used by [41] and further described in [42]. The various pieces
of the detector are shown in Figure 8.

In Figure 8, the actual apparatus used during the investigation is presented.
This apparatus involves the electronic devices and structural material to enable a
stable setup of the cosmic ray muon detector as described by [41] and [43]. This
system provided a cost-effective method for obtaining high-quality data based
on coincidence theory when compared to a more sophisticated and expensive
counterpart. The detector involves 10 x 12 inches (25.4 x 30.48 cm) plastic

scintillators, separated 7.5 inches (19.05 cm) apart, these are shown here as an

Table 2. Jamaican severe weather grid and geomagnetic cutoff rigidity cradle 1995, 2000,
2005 and 2010.

Severe Weather Grid Geomagnetic Cut-off Rigidity

SWG Coordinates 1995 2000 2005 2010
21N/83W 7.21 7.26 6.64 6.82
21IN/71W 7.64 7.23 7.87 7.87
14N/83W 9.61 9.61 9.61 9.63
14N/71W 9.89 10.01 10.09 10.27
18N/76W 7.97 8.04 8.13 8.2
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Figure 8. UWI cosmic-ray muon detection apparatus.

array of black horizontal plates to the right of the figure. The photomultiplier
tubes (PMT) are then joined to the scintillator to form a paddle. The other visi-
ble parts are the power distribution unit (PDU), the global positioning system
(GPS), the modem, a Raspberri Pi miniature computer and a laptop computer.
The miniature computer and laptop were used to remotely access and view the
data collected by the detector. This detector is similar to the type used in [41],
however, in [41] a method where the orientation of the detector could be varied
to determine the direction of muons impacting the detector was also employed.
In current study, the detector orientation was fixed. There were no modifica-
tions to the primary equipment setup, however, structural material was used on-
ly to house and secure the detector parts. Section 3.3 explains the method used

to arrive at our conclusion.

3.3. Method

As indicated in the previous sections there are many atmospheric and oceanic
oscillations that impact meteorological and climatic systems. The advent of the
field of muon Diagnostics facilitated the exploration of a link between cos-
mic-ray muon flux, atmospheric and extra atmospheric phenomena. This study
is therefore motivated by: 1) the increasing view in the research community that
cosmic-rays play an important role in our changing atmospheric and climate
systems, 2) the paucity of information about the behavior of this ubiquitous
sub-atomic particle, its intensity, impact and relationship with meteorological
and climatic phenomena over the Caribbean, and, 3) the need to pursue addi-
tional explanations to those used for Caribbean climate and weather variability.
The cosmic-ray muon flux data captured were first divided into several bin
widths, ranging from 5-minute to 24-hours. The 5-minutes bin width (here after
Muon5) matched the shortest frequency of observations being used at the time
of the study and allowed for an observation index similar to that mandated by
the World Meteorological Organization (WMO) to be developed. Three (3)

types of indices were developed, these were 1) the Muon5 values which was an
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averaged of the period 5 minutes before and after each hour—then used to
represent a 10 minute average for each hour. These top-of-the-hour observations
were then sampled every 6 hours in accordance with the WMO main observa-
tion hours. The WMO identifies the main observation synoptic hours as 0000,
0600, 1200 and 1800 UTC. The identification used to represent these indices
were Mu00Z, Mu06Z, Mul2Z and Mul8Z respectively, 2) the average of the
Muon5 over a 24-hour period (Mu5D) and, 3) Muon5 monthly was the average
of the Muon5 over the month (Mu5M).

The initial assessment of the observed muon flux data was done using the ap-
plications on the http://12U2.org website for quality control and for separation
of the data into the various bin widths. The quality control process also involved
visual inspection of the data for possible abnormal fluctuations, especially during
the time when there were disruptions to the public electricity supply at the UWL
Teleconnections between large-scale climate phenomena and cosmic ray muon
flux (CMF) were based on the strength of the correlation coefficients generated
(using SigmaPlot 12.5 statistical software) between the indices for large-scale
climatic phenomena and the monthly Muon5 (Mu5M). The indices for the ran-
domly chosen phenomena included the Quasi-Biennial Oscillation Index (QBOI),
the Oceanic Nino Index (ONI), the Southern Oscillation Index (SOI), the North
Atlantic Oscillation Index (NAOI) and the Arctic Oscillation Index (AOI). In
order to determine the possible existence of teleconnections, the following 5
steps were carried out:

1) Designate a base point as a sub-region of the Caribbean.

2) Perform quality control and separation of cosmic ray muon flux data using
http://12U2.0rg.

3) Acquire the large scale climate phenomena indices from various sources.

4) Assess the large-scale phenomena over the long term among each other.

5) Perform the correlation analyses between the large-scale indices, including
Muon5 monthly (Mu5M), over the study period. The study period was divided
into a control and test period. The control period involved unfiltered cosmic-ray
muon flux gathered over the period Sep 2011-Oct 2012 (CMF+) while the test
period involved cosmic-ray muon flux only (CMF) for the period Nov 2012-Sep
2013.

This unfiltered period is being viewed as having as much as 70 percent of the
subatomic particles measured at the surface being muons [40]. The CMF repre-
sented a period when 100 percent of the data collected were muons. The strength
of the resulting correlation was then used to indicate the link or possible tele-
connection between the cosmic ray muon flux (CMF+ and CMF) and the large
scale climate indices. In current study, we acknowledge that other atmospheric
and extra-atmospheric factors are likely to have played a role in the enhance-
ment or suppression of the influence of the large-scale climatic phenomena used
and their subsequent the relationship between the monthly Muon5 (Mu5M),
[44]. This wider examination was not the focus of this study but will be pursued

later. Since rainfall is a fundamental atmospheric variable, the mean monthly
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rainfall over the island was therefore used to evaluate the strength of the rela-
tionship between the climatic indices and cosmic-ray muon flux for the base

point.

4. Results

4.1. Connections between Climate Phenomena

The climate Normals for the period Jan 1961-Dec 1990 are considered by the
World Meteorological Organization (WMO) as reference normals for climate
change analysis [45]. An examination of the correlation statistics before and af-
ter Dec 1990 confirmed the strength of the correlations among the climate in-
dices used. Table 3 below reveals that the strongest correlation coefficients were
between the ONI and the SOI (-0.75) which represents the ENSO phenomena,
and the NAOI and the AOI (0.63) representing the link between NAO-AO phe-
nomena over the period 1991-2015. This was generated at the 95% confidence
level. The relationship between other indices were very weak for this period.

Over the period Jan 1991-Dec 2015 the stratospheric QBOI was uncorrelated
with all the other climatic indices used. The strength of these correlations were
used as an indication of the level of influence of the climate phenomena over
their source region and also indicate the influence they are likely to have on
cosmic-ray muon flux over the base point region. The following Section 4.2 there-
fore describes the correlations strengths for the unfiltered cosmic-ray muon flux
(Sep 2011-Oct 2012), the cosmic-ray muon flux filtered during the period Nov
2012-Sep 2013 and with the climate indices used.

4.2. Teleconnections with Cosmic-Ray Muon Flux

Significant information can be retrieved from underground and underwater
muon investigations. For example, a direct correlation has been shown to exist
between underground muon intensities and muon production in the stratos-
phere due to the behaviour of Pions and Kaons to temperature changes, [46].
[47] has shown that the rate of high energy cosmic-ray muons are strongly cor-
related to upper air temperature during short term atmospheric events know as
sudden stratospheric warmings. This leads to increase muon rate when Pion and
Kaon decay, rather than interact as it is the decay process that lead to muons

being formed. [48] also argues that there is a strong connection between sudden

Table 3. Climate indices correlation strength 1991-2015.

Climate Phenomena QBOI SOI AOI ONI NAOI
QBOI 1
SOI 0.02 1
AOI 0.06 0.07 1
ONI 0.05 -0.75 -0.03 1
NAOI 0.06 0.06 0.63 0.028 1
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stratospheric warmings (SSW) and extensive changes throughout the earth’s
atmosphere. These changes affect, for example, the atmospheric temperature
(with increases of up to 50°C), winds (by changing wind direction and speed)
and electron density from the earth surface to the thermosphere. They further
argue that there is a connection between space weather and SSWs and that SSWs
are a significant source of variability in the earth’s thermosphere and ionosphere
(especially the high ionospheric conductivity regions of the equatorial low lati-
tudes).

Since the muons are the most abundant charged particle at the earth’s surface
composing up to 70 percent of cosmic-rays [43], [46] and [49], a strong argu-
ment can be made for teleconnection between the various atmospheric pheno-
mena, not only during the stratospheric sudden warming periods but for all
seasons. This is so since cosmic ray muon flux is impacted by the changes in
temperature and pressure during the different seasons. By traversing the atmos-
phere at the nanoscale it is a prime candidate to be used for baro-thermal as-
sessment. [22] also argues that although teleconnection patterns often evolve on
a sub-monthly timescales, their spatial patterns are typically characterized in
monthly and seasonal data. The results are presented in Table 4 and Table 5
below for the respective periods.

In Table 4, the values generated, revealed significant correlation coefficient val-
ues (CCV) between all the indices. All the CCV's for the CMF+ were positive ex-
cept for the ONI which was negatively correlated with all other large-scale climatic

indices including the unfiltered muon flux. A similar correlation assessment

Table 4. CMF+ vs climate indices Oct 2011-Oct 2012.

Phenomena QBOI sOI AOrI ONI NAoOrI CMF+
QBOI 1.00
SOI 0.55 1.00
AOI 0.47 0.69 1.00
ONI -0.94 -0.73 -0.59 1.00
NAOI 0.68 0.80 0.78 -0.83 1.00
CMF+ 0.87 0.43 0.58 -0.85 0.61 1

Table 5. CMF vs climate indices Nov 2012-Sep 2013.

Climates Indices QBOI SOI AOI ONI NAOI CMF
QBOI 1.00
SOI 0.48 1.00
AOI 0.38 -0.04 1.00
ONI -0.66 -0.01 -0.22 1.00
NAOI 0.51 -0.26 0.80 -0.55 1.00
CMF Muon5 -0.67 -0.05 -0.52 0.55 -0.59 1.00
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was conducted on the Nov 2012-Sep 2013 period when only muons were fil-
tered. The results are outlined in Table 5.

The results in Table 5 revealed a significantly different set of values, some of
which was totally opposite to the control period. These would therefore be the
best indication of the teleconnection strength between the base point region and
the source region of the climate indices used. When the correlation coefficients
of indices that had strong correlation over the period Jan 1991-Dec 2015 were
compared with those during the study period, only very small differences were
observed. Table 6 below explains the comparison.

The coefficients in Table 6 shows a similarity between the indices in CMF+
period and the broader 1991-2015 period since ONI-SOI and NAOI-AOI corre-
lations being in the same range. During the CMF period however the SOI corre-
lation values were all negative and weak however the ONI-SOI (-0.01) was un-
correlated while the NAOI-AOI value was positive and strong (0.80). A variation
in strength and differences in the sign of most of the correlation coefficients for
the climate indices used was also observed during the CMF period. These varia-
tions in the sign and strength of the coefficients, we suggest, point to the beha-
viour and level of influence of the climate phenomena on the muon flux over
our region. Table 7 below explains more clearly the contrast when the CMF+
and CMF was correlated to the climate indices.

A distinctive change in the sign of the correlation coefficients from positive
values for the CMF+ to negative values for the CMF for most indices. The
change from positive to negative may be attributable to greater sensitivity of the
cosmic-ray muon flux, as well as changes in the behavior of the large-scale cli-

mate indices during the two separate periods.

5. Summary

Oceanic and atmospheric oscillations are reflected in various parameters such as
wind, temperature pressure and density over different regions globally. The
wind direction as well as the speed is of significant importance especially in the

upper troposphere and lower stratosphere. [50] suggest that the stratospheric-

Table 6. Comparing highly correlated indices 1991-2015 with study period.

Climates J2n 1991-Dec 2015 CMF+ (Sep 2011-Oct 2012)  CMF (Nov 2012-Sep 2013)
Indices  ONI ~ NAOI ONI NAOI ONI NAOI
sor -0.75 -0.73 -0.01
AOI 0.63 0.78 0.80

Table 7. Cosmic ray muon flux versus climate indices Sep 2011-Sep 2013.

Study Period Climates Indices QBOI SOI AOI ONI NAOI
CMF+ (Sep 2011-Oct 2012) 0.87 0.43 0.58 -0.85 0.63
CMF (Nov 2012-Sep 2013) -0.67 -0.05 -0.52 0.55 -0.59
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tropospheric coupling can result in weak vortex events. This coupling would
have an impact on the El Nino, La Nina, SO, QBO, NAO, AO and other climate
phenomena which subsequently influence weather conditions at the surface. [29]
suggest that climate change promotes coupling between large-scale enhanced
deep convection and that the emergence of this relationship coincides with the
recent cooling trend in the lower equatorial stratosphere and the warming trend
in the upper equatorial troposphere. [47] and [51] however argued that an in-
crease in temperature in the stratosphere results in a decrease in air density,
which reduces the chances of interaction of Pions and Kaons, which then results
in a greater portion decaying to form muons. This, therefore can result in a
higher muon flux at the earth’s surface. In this work, we also argue that the ob-
served downward trend in naturally occurring unfiltered cosmic-ray muon flux
(CMF+) and cosmic ray muon flux (CMF) isolated from the background noise
also implies general cooling in the upper troposphere and or lower stratosphere.
The observed trend in muon flux over the base point within the Caribbean also
coincides with lower solar activity over the past 30 plus years which coincides
with a 30 year cooling trend in the lower stratosphere and upper troposphere, a
30 positive trend in the NAO and a general reduction in rainfall over the Carib-
bean over the past 20 - 30 years. This link to the lower stratosphere is very im-
portant since this is the area of initial muon production. [29] also argued that a
link exists between the NAO, the QBO and large regions of enhanced deep con-
vection in the tropics known as the madden Julian oscillations (MJO). Interan-
nual variation of MJO activity, due to the QBO they argued, is much greater
than the variation due to the tropical sea surface temperatures, which is the
usual source for interannual variation of tropical convective activity. This tropi-
cal connectivity also plays an important role as control mechanisms for the flux
of muons to the surface [2].

The changes in phase of climate indices (representing a base point) from posi-
tive, neutral or negative, indicate the level of influence on weather, that is, their
influence on the parameters such as temperature, pressure, wind and rainfall.
More storms are therefore likely over the Caribbean during the positive phase of
NAO and less during the negative phase. More storms are also likely during the
La Nina phase over the Caribbean and less storms during El Nino phase. More
storms are likely when the QBO is in its westerly (QBOW) or positive phase than
when the QBO is easterly (QBOE) or its negative phase. The convective activity
and presence of storms affect the depth of the atmosphere which also plays an
important role in the flux of muons over any region. An assessment of the
study period using 4 separate 6-months time spans was carried out in order to
capture the most dominant behaviour of each climatic index. Table 8 outlines
the dominant impact of the climatic index over the 4 separate 6-month impact
periods.

The assessment revealed various changes in phase over the period, however
the cosmic ray muon flux being the only one remaining unchanged during pe-

riod 1 and period 2. This consistent tendency regardless of the change in other
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Table 8. Climate Indices phase characterization and likely impact during study period.

Oct 2011 to Mar 2012

nve ONI (coiling)

pve SOI (cooling)

pve NAOI (stronger winds, high  nve NAO1 (lighter winds, fewer
pressure gradient, stronger storms) weaker storms, westerlies)

nve QBOI (easterly winds, warm)

pve AOI
(cooling/strong winds)

CMF+ decrease (cooling)

Apr 2012 to Sep 2012 Oct 2012 to Mar 2013 Apr 2013 to Sep 2013
pve ONI (warm) nve ONI (cooling) nve ONI (cooling)
pve SOI then nve SOI

nve SOI (warm) pve SOI (cooling)

(cooling then warm)

pve NAOI ve NAOI (stronger winds, high
(stronger winds, high pressure P & » 18

gradient, stronger storms) pressure gradient, stronger storms)
nve QBOI nve QBOI
BOI terly winds, cooli
(easterly winds, warm) (easterly winds, warm) pveQ (westerly winds, cooling)
pve AOI nve AOI pve AOI
(cooling/strong winds) (warm/light winds/low pressure) (cooling/strong winds/High pressure)

CMF+ decrease

i CMF decrease (cooling) CMF decrease (cooling)
(cooling)

NB: The description of the indices in table 2.8 was based on information gleaned from the various websites where each index was sourced, example,

https://www.ldeo.columbia.edu/res/pi/NAO/.

climate indices in the muon flux was referred to as cumulative teleconnection
effect or CTE. It should be noted that since no climatic variable acts indepen-
dently, their impact are therefore based on one or more phenomena influencing
the weather condition over any base point region, which then results in either an
enhancement or suppression of weather and or the other indices. There is
therefore evidence that a teleconnection may exist between the indices from the
various source regions, the cosmic-ray muon flux and weather conditions within
the severe weather grid (SWG). Section 6 outlines the conclusions drawn from

this study.

6. Conclusions

The strength of teleconnection was based on the statistical correlation between
indices representing climatic phenomena for incontiguous regions and a base
point was investigated and discussed. The relationship between these large-scale
climatic indices and two (2) periods of cosmic-ray muon flux, which was ga-
thered consecutively from a single detector, was used for the investigation. The
first period was unfiltered and composed of up to 70% cosmic-ray muon flux
(CMF+) while the second consecutive period (the test period) was filtered using
coincidence theory and thus contained only the flux of cosmic ray muons
(CMF).

Based on the correlation coefficient values (CCV) generated, the following
preliminary conclusions were drawn regarding teleconnection between cosmic
ray muon flux and climatic indices over the Caribbean and the designated base
point.

1) Based on the consistent tendency in the cosmic-ray muon flux over the base
point region, regardless of changes in other climate indices used, we suggest the

use of cosmic-ray muon flux as an index for the cumulative impact of other cli-
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mate indices. This cumulative impact we propose is to be referred to as the cu-
mulative teleconnection effect which coincides with the cooling trend in the
equatorial upper troposphere and the lower stratosphere. An improved Carib-
bean dataset is therefore needed to carry out affirmative studies. .

2) While there were variations over study period in the correlation coefficient
values for various indices. The correlation coefficient values for the ONI vs SOI
and AOI vs NAOI for the Jan 1991-Dec 2015 were strong and confirmed the well
documented relationship between the El Nino and Southern Oscillation (EN-SO)
and, Arctic and North Atlantic oscillations (AO-NAO). Over the study period
the ONI-SOI was uncorrelated during the CMF period however the AOI-NAOI
remained strong. Since the connection between the NAO and the Caribbean is
well documented, this trend suggests the need to explore a teleconnection be-
tween cosmic ray muon flux, weather over the Caribbean and the Arctic oscilla-
tion.

3) The correlation coefficient values over the CMF+ period (Sep 2011-Oct
2012) were all positive except for the ONI which was negative while those over
the CMF period (Nov 2012-Sep 2013) were all negative except for ONI which
was positive. Of those climate indices that were positive during the CMF+ period
the SOI was robust but not significant (0.43). This was also the case during the
CMF period where the SOI was not significantly correlated (—0.05). We con-
cluded that this reduced correlation coefficient values may be partly due to the
reduced intensity in cosmic-ray muon flux generally along with impact of cli-
mate phenomena. 7his therefore meant that the teleconnection between SOI and
CMF+ was robust but not significant and that during the CMF period there was
no teleconnection. This was likely because the source region was the farthest
from the Caribbean.

4) The change in correlation coefficient values, generally from positive over
the CMF+ period to negative values for the CMF period, was attributed mainly
to increased sensitivity due to increased muon flux component which resulted in
a phase shift. This sensitivity could also be partly due to increase instrument
sensitivity as a change was made to detect muons only.

Our focus on a base point in the Caribbean region, points not only to the un-
iqueness of the study, but also to the need for Caribbean researchers to deter-
mine alternate mechanisms which may be impacting the region’s weather and
our changing climate system. Teleconnections between weather and climatic in-
dices are therefore strongly suggested, based on the impact on constituent ele-
ments such as temperature, wind, atmospheric density and rainfall but the time
is now ripe for enthusiastic assessment of impacts of an extra-atmospheric ori-
gin. A strong statistical link was also observed between the cosmic-ray muon
flux observed from the data gathered at the UWI Mona with most of the
large-scale indices over the study period (short term). [48] also argues that there
is a strong connection between sudden stratospheric warmings (SSW) and ex-
tensive changes throughout the earth’s atmosphere. Since an index is not readily
available for the SSW but it has been linked to cosmic ray muon flux (CMF),
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other large scale climate phenomena and rainfall over the Caribbean, a wider

data collection and deeper investigation is recommended.
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