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Ascendancy of Solar Variability on Terrestrial Climate: A Review
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Abstract: In the present paper, we have briefly reviewed the impact of solar activities on the terrestrial climate.
Increased/decreased solar activity affects the various processes going on into the Sun-Earth system and alters the
composition of parameters responsible for the climate change. The amount of high solar activity (sunspots) is directly
related with the total solar irradiance (TSI) while the spectral index is associated with the ultraviolet (UV) radiations
coming from the Sun. Contrary to the above, decreased solar activity is accountable for increased incidence of the
galactic cosmic rays (GCR) which play significant role in cloud formation and ultimately responsible for the changed
climate conditions of terrestrial environment. The influence of solar variability on the Earth's climate can be explained by
exploring various mechanisms involved. There are no fool proof evidences that the solar variations are a major factor in
driving recent global climate change but there are considerable evidences of solar influence on the climate of particular
regions as well as throughout the terrestrial environment. During high solar activity, higher temperatures and larger
ozone concentrations are observed in the tropical stratosphere. The solar influences on the Earth’s climate mainly
includes; the changed occurred due to variations in the Sun's radiant output (TSI and UV) and the changes occurred due
to the Sun's influence on the energetic particles reaching to the Earth (Solar Energetic Particles, Galactic Cosmic Rays).
Following the above regime, we have provided the evidences for the existence of physical links between solar activity
and terrestrial climate. Summary of our present understanding of the mechanisms involved in the Sun-climate dynamics

are presented.
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1. INTRODUCTION

The Sun is the most prominent driving force of
terrestrial climate and affects our planet in various
ways on time scales of minutes to millennia. We are
progressively trying to understand that how the
terrestrial climate system reacts to these changes of
solar forcing [1-9]. Though it is known fact that the
radiative forcing (~ 2.83 watts per square meter) due to
heat trapping gases is 56 times greater than the
increase in radiative forcing (~0.05 watts per square
meter) from the solar energy [8]. Herschel [10] was first
who speculated that small variations in the Sun can
play decisive role in the variability of the terrestrial
climate and this was followed by various researchers
who presented evidences and significant correlations
for the same [11, 12]. To explain the influence of
changing solar activity on the climate, three major
mechanisms have been proposed till date. The first
mechanism is the variations of the total solar irradiance
(TSI) that leads to the changes in the direct energy
input into the Earth’s atmosphere [13, 14]. The second
mechanism involves the variations in the spectral solar
irradiance (SSI) causing variations in stratospheric
chemistry and dynamics primarily because of UV
irradiance [15, 16] and the third mechanism deals the
variations in solar wind modulating cosmic ray flux [17]
and/or the cloud coverage [18]. Two out of three
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mechanisms, i.e., the TSI and the SSI are associated
with the sunspot numbers while the third one is
associated with low solar activity, i.e., modulation of
cosmic rays. Figure 1 has depicted the sketch of
various forcing involved in the Sun-Earth climate
system.
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Figure 1: A schematic view of the climate forcing where
question mark represents the indirect solar forcing which are
not yet clearly understood.

Total solar irradiance (TSI), the radiative power
density (Wm'z) at normal incidence on top of the
atmosphere at Sun-Earth distance (1AU) is called solar
constant and being observed regularly since 1978 [18,
19]. The TSI varies over timescales of minutes to
decades and even longer [14] but the most noticeable
variation is of 0.1% modulation accordance with the
solar activity/sunspot cycle. The total solar radiation
that reaches to the terrestrial atmosphere depends on

© 2020 SET Publisher



106 Journal of Basic & Applied Sciences, 2020, Volume 16

Singh and Bhargawa

various factors, viz. energy production of the Sun in the
core, energy transport through the Sun’s
radiative/convective zone, emission of radiation from
the photosphere and the distance between the Sun and
the Earth [20]. The total solar irradiance (TSI) which is
basically the spectrally integrated radiative power
density of the Sun incident on terrestrial atmosphere is
being monitored continuously since 1978 [18, 21, 22].
The changes in the total solar irradiance (TSI) incident
on the Earth’s atmosphere can produce imbalances in
the radiation budget of the Earth which further induces
temperature shifts in terrestrial environment [23, 24].
Observations have revealed only about 0.1% variation
in the total solar irradiance during last four decades
with solar activity cycles [23, 25, 26]. Though the
amount of changes in the total solar irradiance is very
small (0.1%) to have a significant impact on the
climate, yet there is growing evidences that, on the
longer time scales, solar variability is much more
pronounced and the climate system is much more
sensitive to the solar forcing due to feedback
mechanisms [6]. Data from the satellite based
measurements over the past few decades have
revealed a clear correlation between the solar
irradiance and the solar activity parameters based on
the 11-year cycle [27]. Further, changes over an 11-
year cycle in step with the variations of sunspots
amplitude of nearly 0.1 percent and this variation can
have considerable imprecision in climate change
records [23, 25]. This observation has further
strengthened the impetus for theoretical research on
the solar activity and various roles played by the Sun
[28-30].

Solar activity and fluctuations in associated
parameters influence both the interplanetary space and
the geospace as a result of chain of processes
involved. Figure 2 has shown the various chain of
energy transfer involved in the Sun-Earth system. To
mitigate the dangerous impact on the mankind,
physical understanding of this chain of processes is
essential which includes combination of observations,
data analysis and interpretations and theoretical
modelling [31]. Actually, the variation in energy flow
changes the physical and chemical composition of the
atmosphere and is responsible for the coupling of the
Sun-Earth system and the climate change [6, 32]. The
response of the climate system to changes in solar
forcing depends not only on the intensity of the
radiation, but also on its spectral composition, seasonal
distribution over the globe and on feedback
mechanisms connected with clouds, atmospheric water

vapour, ice cover, atmospheric and oceanic transport
of heat and other terrestrial processes. Because of
their larger variability below 400 nm, the ultraviolet (UV)
radiations play a key role in the change of terrestrial
climate through radiative heating and ozone
photochemistry [33]. Larger variations in UV emissions
which arise from the chromospheres are observed [34]
and which influence the stratosphere (10-50 km) [6].
Solar X-rays and extreme ultraviolet (EUV) emissions
originated from the corona are some times more
dominant and reach to the thermosphere (90km) [35].
The variability of visible and near-infrared bands
reaching below 200 nm [36] and their impact on the
Earth’s climate is expected to be small, though it may
involve amplification mechanisms [37, 38]. It can be
interpreted as a result of effects induced by the
evolution of surface magnetism in the solar atmosphere
[39].
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Figure 2: Chain of energy flows involved in the Sun-Earth
system (Credit: http://www.issibj.ac.cn/Publications/Forum_
Reports/201404/W020200522380996345108.pdf).

Apart from the above mentioned mechanism related
with higher sunspot numbers, the Sun modulates
energetic charged particle fluxes incident on the Earth
[1]. Solar energetic particles (SEPs) incident upon the
Earth’s atmosphere in polar regions, enhances the
destruction of stratospheric ozone [40, 41] while
galactic cosmic rays (GCRs), generated from
supernovae explosions, modulated by the Sun also
reaches to the Earth and influences the terrestrial
climate [42]. The cosmic ray flux reaching to the Earth
surface is modulated by the strength of the solar wind
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and now proven fact that decrease in cosmic rays is
because of the changes in the magnetic field geometry
of the heliosphere and the bubble blown in the
interstellar medium by the solar wind [18, 43]. Higher
levels of solar activity lead to a decrease in the cosmic
ray flux on the Earth and these are potentially
implicated in climate change on the Earth [43]. Air ions
generated by galactic cosmic rays enable Earth’s
global electric (thunderstorm) circuit [44] and modulate
the formation of low-altitude clouds [45]. The influence
of solar activity became more apparent when the
winters were grouped according to the phase of the
quasi-biennial oscillation (QBO) [46, 47]. Nearly 2 year
oscillations of the Easterly and the Westerly zonal
winds in the equatorial lower stratosphere are known
as QBO [6, 48]. Some other relationships between
proxies for solar activity and climate have been noted,
including variations in ozone, temperatures, winds,
clouds, precipitation, and modes of variability such as
the monsoons and the North Atlantic Oscillation (NAO)
[6]. There are some other indirect mechanisms which
play their role in climate variability. Various types of
indirect mechanisms have been proposed and most of
them include amplification of the solar signal via
positive feed-back of the solar total or spectral
irradiation employing non — linear dynamical coupling
between different parts of the climate system [6].

The present paper is divided in seven sections.
Sections are organized on the basis of the climatic
factors of interest. In each case, we define the manner
in which the factor may have influenced terrestrial
climate, provide an estimate for the characteristic time
scales over which the factor is thought to vary, and give
a summary of some of the research that has been done
in relating this factor to climatic change, with an
assessment of its likely importance. Spacecraft
missions and ground-based observations have
provided evidence that climatic changes have occurred
on other objects in the solar system. Therefore, where
relevant, we also consider the possible influence of the
above factors for the climate variability.

2. THE SOLAR ACTIVITY

The earlier indication of solar variability came from
the observation of sunspots in the seventeenth century
[49-51]. However, it was the mid-nineteenth century
when the 11 year cycle for sunspot numbers first
recognized [52]. This may be associated with the
fact that magnetic field originating in a dynamo action
inside the Sun shows 11 year periodicity having
maximum and minimum activities [53-55].

Understanding the role of variability in the solar activity
is essential for the interpretation of its influence on the
climate and for the future predictability of the climate
change. High speed solar wind, solar flares, coronal
mass ejections, prominences and solar energetic
particles are the major solar transients responsible for
variable solar activities [56-59]. Increased solar
irradiance and decreased cosmic ray fluxes occur
during greater solar activity [60].

2.1. Solar Wind

Solar wind emanates from the Sun are the low
energy charged particles [61-64]. Since the solar wind
plasma is highly electrically conductive, the solar
magnetic field lines are dragged away by the flow and
the wind attains a constant terminal speed, and its
density then decreases radially in proportion to the
square of the radial distance [65]. A small amount of
the solar wind energy incident on the Earth is extracted
by the geomagnetic field is responsible for changes in
the behaviour of the thermosphere [66-68] which
further changes the physical and chemical composition
of the middle/lower atmosphere and ultimately
contribute to the climate variations. The solar wind
which consists of magnetized flares sometimes
influences galactic cosmic rays (GCR) that may in turn
affect the cloud cover on the Earth [69, 70]. As the
Sun’s output increases the solar wind shields the
atmosphere from GCR fluxes, consequently the
increased solar irradiance is accompanied by reduced
low cloud cover, amplifying the climatic effect. Similarly
when solar output declines, increased GCR fluxes
enter the atmosphere, increasing low cloudiness and
adding to the cooling effect associated with the
diminished solar energy [71, 72].

2.2. Solar Flares

Solar flares, intense burst of radiation caused by the
mechanism of tearing magnetic loops of instability and
reconnection of the magnetic field lines in the Sun’s
chromospheres, release enormous magnetic energy
across the electromagnetic spectrum varied from radio
waves, to x-rays and gamma rays [73-77]. The
increased level of x-ray and extreme ultraviolet (EUV)
radiation results in the ionization of the lower layers of
the atmosphere of the Earth specially the D-region [78-
80]. The D-RAP (D-Region Absorption Prediction)
product correlates flare intensity to D layer absorption
strength and spread [79]. Solar flares usually take
place in active regions, which are areas on the Sun
marked by the presence of strong magnetic fields
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typically associated with sunspot groups [81]. Solar
flares cause disturbances in geomagnetic field which
further affect the terrestrial environment and human
infrastructure. Strong geomagnetic storms increase the
level of radiation hazard in the Earth environment and
generate irregularities in ionospheric density [82].

2.3. Coronal Mass Ejections (CMEs)

The outer solar atmosphere (corona), structured by
strong and closed magnetic fields with confined
sunspot groups, can suddenly and violently release
bubbles of gas and magnetic fields called coronal mass
ejections (CMEs) [65, 83, 84]. CMEs, sometimes may
be associated with flares and sometimes can occur
independently, determine the state of the Earth’s
geomagnetic field in significant ways and greatly
impact the Earth’s upper, middle, and lower
atmospheres and even on the surface. CMEs can
induce abnormalities in and can damage modern
systems, including economic systems, affecting the
entire modern societal infrastructure and terrestrial
environment [82]. Details of the source region are
usually obtained using non-coronagraphic observations
such as in X-rays, EUV, microwaves, and H-alpha [83,
85]. Photospheric magnetograms show that the CMEs
source regions have generally enhanced magnetic
fields compared to the quiet sun regions. It is believed
that free energy can be stored in the coronal field lines
which are then released in the form of CMEs [86]. A
large CME contain billion tons of matter that can be
accelerated to several million miles per hour in a
spectacular explosion [87, 88]. Solar material streams
out through the interplanetary medium, impacting any
planet or spacecraft in its path as well as the terrestrial
atmosphere [89]. Based on the initial speed of the CME
and the ambient solar wind speed it takes 1-5 days to
reach at the Earth [90]. The relative speed of CME with
respect to preceding solar wind exceeds the local
magnetosonic speed, a fast forward shock wave forms
ahead of the CME and in that case a turbulent region of
piled up magnetic field and compressed plasma
develops between the shock and the CME [86, 91].
Short- or long-term service disruptions may spread
from a directly affected system to many other systems
due to dependencies and interdependencies among,
for example, electric power supply, transportation and
communications, information technology, etc.

2.4. Solar Prominences

Solar prominences, large, bright feature extending
outward from the Sun's surface, are the other transient

which provide impetus for increased solar activity [92,
93]. The prominence plasma flows along a tangled and
twisted structure of magnetic fields generated by the
Sun’s internal dynamo. These are formed over
timescales of days to months looping hundreds of
thousands of miles into space. An erupting prominence
occurs when such structures become unstable and
bursts outward releasing the plasma [94, 95]. Similar to
the Sun, prominence material is made almost
completely of Hydrogen and Helium [96, 97].
Prominence properties depend upon the environment
where they form and in particular upon the magnetic
field below them. Filaments are always found above
the neutral lines separating opposite polarities of the
photospheric magnetic field called polarity inversion
line (PIL). The filament width, length and shape follow
and adapt to the extension of the neutral line. The
extension of the PIL depends upon the strength and
distribution of the local magnetic field so that filaments
and the local magnetic field are closely interrelated.
Since PILs can be found almost everywhere on the
Sun, so can prominences, particularly during the
maximum of the solar cycle [98, 99].

2.5. Solar Energetic Particles (SEP)

Solar energetic particles (SEPs) are another
important source of radiation that affects the terrestrial
atmosphere [100, 101]. SEPs consist of electrons,
protons, and heavier nuclei that are accelerated to high
energies and travel along IMF lines and through
interplanetary space. SEPs radiation can penetrate
deep into the atmosphere and initiate chemical
reactions and in particular lead to the depletion of the
ozone layer, which protects the Earth from the
damaging effect of ultraviolet radiation. In the middle
mesosphere at the height of 55 km, the content of
atmospheric ozone can be reduced by 70% [102].
Solar flares and CME-driven interplanetary shocks are
two main locations where energetic particles are
accelerated. Particles accelerated at flares are known
as impulsive SEP events, whilst those accelerated by
shocks are called gradual SEP events. When gradual
SEPs event are detected near the Earth, they are
known as energetic storm particle (ESP) events [103-
106]. Magnetic reconnection is responsible for the
impulsive release of magnetic energy in the form of
SEP [107]. The magnetic reconnection at the flare
location is believed to heat the plasma and accelerate
electrons along the IMF lines. The peak intensities and
spectral shapes for a gradual SEP event are usually
related with the strength of the CME shock [108, 109].
Further particles associated with SEP events, in some
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cases can be detected at locations widely separated in
latitude and longitude [110-112].

Association between SEP events and solar activity
observations suggest that SEP events are less likely to
be associated with confined and eruptive solar activity
[113]. Few SEP events are found to be associated with
CMEs [114]. Sophisticated statistical methods suggest
that SEP peak intensities are correlated significantly
with both CMEs speed and flare parameters, especially
soft x-ray fluence [100, 115-118].

3. SOLAR
IRRADIANCE

VARIABILITY AND SPECTRAL

Variability of the Sun plays a key role in the
observations of total solar irradiance (TSl). The TSl is
the solar electromagnetic power, integrated over all
wavelengths and per unit cross sectional area,
reaching to the Earth. Because TSI instruments have a
limited lifetime, data from different instruments have
been ‘daisy-chained’ together to estimate the long-term
variation (now covering more than three solar cycles),
which requires inter-calibrating the instruments using
intervals when both were in operation. Historically,
there have been three main data composites that have
been in widespread use: (i) TSlpmop, generated and

Observatorium Davos (PMOD); (ii) TSlgrms, produced at
the Royal Meteorological Institute of Belgium, RMIB
and (iii) TSlacrim, generated using data from the series
of three Active Cavity Radiometer Irradiance Monitor
(ACRIM) instruments [14, 119, 120]. Figure 3 shows
the TSI variations observed by various instruments
over the period 1995 to 2020. The PMOD composite
mainly comes from the Variability of Solar Irradiance
and Gravity Oscillations (VIRGO) measurements,
which are a combination of instruments on the SOHO
spacecraft, with small data gaps filled in using ACRIM-
2 data [121, 122]. The ACRIM composite comes from
the ACRIM-2 and ACRIM-3 instruments and the RMIB
composite comes from the Dlifferential Absolute
RADiometer (DIARAD) instrument on SOHO and the
SOlar Variable and Irradiance Monitor (SOVIM)
instrument on Eureca-1. TSI data for the above
mentioned period are also provided by the Total
Irradiance Monitor (TIM) instrument on the SOlar
Radiation and Climate Experiment (SORCE) satellite
[123], by Total Solar Irradiance Calibration Transfer
Experiment (TCTE) which operated from November
2013 to June 2019 on board the US Air Force Space
Test Program spacecraft STPSat-3, from the
PREcision MOnitor Sensor (PREMOS) [124] and
SOVAP instruments [125] on the Picard satellite. In
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Figure 3: Total solar irradiance (TSI) variations during the period 1995 - 2020 where panel (a) indicates the SATIRE (Spectral
And Total Irradiance REconstructions) reconstructions of two contributions to TSI (the integrated facular brightening (fv) shown
in violate and sunspot darkening (sq) in grey). Panel (b) in the figure represents the PMOD (Physikalisch-Meteorologisches
Observatorium Davos) composite of TSI observations of TSIPMOD (daily means in cyan and CR means in blue). Panel (c) of
the figure shows the RMIB (Royal Meteorological Institute of Belgium) composite of TS| observations (TSIPMOD) splined with
data from the TIM (Total Irradiance Monitor) on the SORCE (SOlar Radiation and Climate Experiment) satellite. Panel (d) has
represented the comparison of means of two observation series: PMOD composite (in blue) and the RMIB/TIM spline (in red)

(Figure is adopted from Lockwood and Ball [145].



110 Journal of Basic & Applied Sciences, 2020, Volume 16

Singh and Bhargawa

Composite, has been developed which uses maximum-
likelihood techniques to give the variation of the best
estimate and its uncertainty over time [123].

Observation indicates that variability in the TSI
arises almost entirely from the distribution of sizes of
the patches where magnetic field threads through the
photosphere [6, 7, 126]. The emergence of the solar
magnetographs has revolutionized our understanding
about changes over the solar cycles [127]. Theory of
how the photospheric magnetic fields influence the TSI
has been developed [128]. Quantifying of such small
variations is a major technological challenge and is
strongly motivated by the desire to understand solar
variability and TSI/SSI to understand the terrestrial
energy budget [129]. The TSI is the spectral integral of
the SSI over all wavelengths but its weak variability
masks the fact that relative SSI variations show strong
wavelength dependence. Figure 4 shows the spectral
distribution of solar radiation and its variability. Upper
panel (a) in red line has shown the amount of solar
electromagnetic radiation (milliwatts per square per
nanometer wavelength) that falls on the top of the
Earth’s atmosphere compared with the relative amount
of radiation (dashed blue line). The lower panel (b) of

Figure 4 has indicated the percentage variability of
solar radiation in these wavelengths. In the visible and
near-infrared spectrum the variation is at most about
0.1%, and only slightly more in the far infrared. Figure
also indicates that the highest variation is not
surprisingly found in the short-wave radiation that
emanates from the Sun’s more volatile upper
atmosphere [130].

The Upper Atmosphere Research Satellite (UARS)

spacecraft provided the longest records of SSI
measurements by  SOLar STellar Irradiance
Comparison Experiment (SOLSTICE) and Solar
Ultraviolet Spectral Irradiance Monitor (SUSIM)

instruments [131, 132]. These instruments recorded the
solar UV radiation between 120 and 400 nm during
2001-2005 [36, 131, 133], although the solar cycle
variability of solar radiation above approximately 250
nm remained relatively uncertain due to insufficient
long-term stability of the instruments [134]. Merging all
UV observations into a single homogeneous composite
record is a major challenge [135] that is hampered by
several problems. The lifetime of most instruments
does not exceed a decade which makes things very
difficult and unable in long term observations which is
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Figure 4: Spectral distribution of solar radiation and its variability where panel (a) shows the amount of the spectral irradiance
(in milliwatts per square per nanometer wavelength) for different wavelengths that falls on the top of the Earth’s atmosphere
compared with the relative amount of radiation (dashed blue line). Where panel (b) shows the percentage variability of solar

radiation in these wavelengths; Source: Eddy, [130].
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of prime interest for climate models. Other obstacle is
the changing technologies and modes of operation of
various space-based instruments [23, 136-138]. The
most critical challenge for the SSI instruments is the
optical degradation caused by the energetic radiation
into the space environment [139, 140]. There is no
consensus on the amplitude of historical solar forcing.
The estimated magnitude of the total solar irradiance
(TSI) difference between the Maunder minimum and
the present time ranges from 0.1 to 6 W m? making
the simulation of the past and future climate uncertain.
Egorova ef al. [141] have implemented the new
quietest Sun model and found that the relative solar
forcing compared to the largest previous estimation
have increased about 25-40 % between the Maunder
minimum and the present.

Comprehensive reviews of the potential influences
of solar variability of climate have been presented in
recent years by Gray et al. [6], Solanki ef al. [142] and
Owens et al. [143]. The one factor that has not been
discussed much in those reviews is potential variations
in the quiet-Sun contribution to total solar irradiance
(TSI). The term ‘quiet Sun’ refers to the relatively
featureless areas of the visible solar surface (the
photosphere) where there is no detected magnetic field
threading the surface that can alter the emission of the
surface; hence, it is the part of the solar surface that is
separate and distinct from any magnetic features such
as sunspots, active region faculae, network faculae and
ephemeral flux. We have very little reliable information
on variations of the quiet Sun, but recent papers
postulating their existence have derived significant
solar radiative climate forcings [141, 144]. It should be
stressed that neither the postulated quiet- Sun
irradiance variations nor the causal magnetic fields
have, as yet, been detected. Recently Lockwood and
Ball [145] have studied the quiet-Sun TSI since 1995
and they have shown that the most likely upward drift in
quiet-Sun radiative forcing since 1700 is between
+0.07 and -0.13 Wm™. Hence, we cannot yet
discriminate between the quiet-Sun TSI being
enhanced or reduced during the Maunder and Dalton
sunspot minima, although there is a growing
consensus from the combinations of models and
observations that it was slightly enhanced.

4. SOLAR ACTIVITY AND TERRESTRIAL CLIMATE

There are many ways that small fluctuations in solar
activity can affect the terrestrial climate but their nature
has various complications. The TSI shows the
association with sunspots while the SSI has

resemblance with 10.7 cm spectral index while the
solar energetic particles and cosmic rays can reduce
ozone levels in the stratosphere and in turn alters the
behaviour of the lower atmosphere. A persistent
correlation has been seen among solar cycles, carbon
dioxide (CO;) and surface temperature since last
century. Figure 5 shows the variation of sunspots, CO,
and the surface temperature of about 170 years which
clearly reveals the changes in these parameters with
time. Christoforou and Hameed [146] have shown the
correlations of the solar cycles and surface pressure
and temperature in some regions of the Pacific.
Sometimes solar cycle interacts with various
oscillations within the climate system at decadal scale
[147]. Solar activity could favour some synoptic
regimes that favour the advection of polar cold air over
Western Europe [148]. It is not possible to establish a
simple quantitative relationship between climate
changes in the past and the solar variability. There is,
however, growing evidence that periods of low solar
activity coincide with the advance of glaciers, changes
in lake levels and other significant environmental
changes. These findings indicate that the Sun played
an active role in past climate changes in concert with
other geophysical climate forcing factors such as
volcanic eruptions, greenhouse gases and internal
variability of the climate system.
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Figure 5: Cycle wise variations in sunspot numbers,
concentration of CO; and surface temperature anomaly
(Source: https://commons.wikimedia.org/wiki/File: Temp-
sunspot-co2.svg).

The mechanism involved into the physical and
chemical processes is the strong absorption of ultra-
violet radiation by the ozone cycle which heated the air
and modulates the temperature gradients of the region
[149]. During a solar cycle, the relative variations in
ultra-violet radiation are 10 to 100 times larger than the
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variations in total solar irradiance [150, 151]. This
variation in ultra-violet radiations impacts on the
stratosphere and affect the intensity of the Arctic polar
vortex during winter season and ultimately affects the
lower troposphere at high/mid-latitudes [46]. The
radiation of the Sun is modulated during the solar
activity and also the flow of energetic particles get
modulated which penetrate the Earth’s atmosphere
[152]. Solar modulation of the flow of energetic
particles has a very limited direct climatic impact, but a
very strong amplification can exist with galactic cosmic
rays control on cloud formation. Radiative fluxes in the
range of visible and infrared wavelengths also play role
on heat exchange into the clouds in the climate system.
The various proposed correlations between energetic
particle fluxes and cloud cover are still highly debated
issues [153]. Recent observations have shown a small
but detectable contribution of the solar activity to the
surface temperature variations on various scales. The
contribution of strong volcanic eruptions to the
temperature variations has increased effects at decadal
and even centennial scales [154].

41. Total Solar Irradiance (TSI) and Climate
Connections

Many observational studies have found the TSI
influences on climate on various timescales [155, 156].
There are some evidences that the TSI variations are a
major factor in driving recent global climate change.
The Sun has impact on the lower atmosphere, at the
surface of the Earth and into the ocean [157]. The total
solar irradiance (TSI) is actually the total energy of the
Sun integrated over the whole spectrum and
normalized at 1AU and being monitored continuously
by the spacecraft NIMBUS 7 since year 1978 [158].
The most accurate value of total solar irradiance during
the 2008 solar minimum period is 1360.8 + 0.5 W m™2
according to measurements from the Total Irradiance
Monitor (TIM) on NASA's Solar Radiation and Climate
Experiment (SORCE) and a series of new radiometric
laboratory tests [159]. This value is significantly lower
than the canonical value of 13654 + 1.3 W m™
established in the 1990s, which energy balance
calculations and climate models currently use. Various
other experiments onboard satellites are monitoring the
solar constant [14]. The original measurements require
corrections for sensitivity changes due to instrument
degradation. There are three different composites
currently available are ACRIM [160] and IRMB [161]
and PMOD [14]. There is some disagreement in the
various levels of solar irradiance at solar minima this
may be because of the different cross-calibrations and

drift adjustments applied to the radiometric sensitivities
[14]. Much surface temperature variability observed in
the recent past appears to arise from causes that can
be identified and their impacts quantified using auxiliary
observations. Solar irradiance cycles produce warming
of ~0.1°C during epochs of high-solar activity [162].

4.1.1. Past Evidence of Connection between TSI
and Global Surface Temperature (GST)

During Maunder minimum period, very few sunspots
appeared on the surface of the Sun, and the overall
brightness of the Sun was slightly decreased. Upper
panel of the Figure 6 has shown the reconstruction of
the cycle-averaged solar total irradiance back to 1610
which also suggests a decrease of the solar irradiance
by a value of about 3 W/m’ [163]. This occurred
because the total solar irradiance was reduced by
0.22% that led to a decrease of the average terrestrial
temperature measured mainly in the Northern
hemisphere in Europe by 1.0-1.5 °C as shown in lower
panel of Figure 6. This seemingly small decrease of the
average temperature in the Northern hemisphere led to
frozen rivers, cold long winters, and cold summers
[164]. Shindell et al. [165] have shown that the drop in
the temperature was related to dropped abundances of
ozone created by solar ultra-violate light in the
stratosphere, the layer of the atmosphere located
between 10 and 50 km from the Earth’s surface. Since
during the Maunder Minimum the Sun emitted less
radiation, in total, including strong ultraviolet emission,
less ozone was formed affecting planetary atmosphere
waves, the giant wiggles in the jet stream. The change
to planetary waves during the Maunder minimum
kicked the North Atlantic Oscillation (NAO) - the
balance between a permanent low-pressure system
near Greenland and a permanent high-pressure
system to its south-into a negative phase, that led to
Europe to remain unusually cold during the Maunder
Minimum [165].

4.1.2 Response of Climate Parameters with
Variation in Total Solar Irradiance (TSl)

One important way to track and communicate the
causes and effects of climate change is through the
use of indicators. The total radiative energy reaching
the Earth from the Sun is not exactly constant and
varies from the average value of 1361.6 W/m” on a
daily basis. This variation in total solar irradiance is
directly attributed to the variation in the sunspot
numbers [14, 166, 167]. Bottom panel of Figure 7
shows the cycle wise variability of about 2.5 W/m?
(~0.1%) in the TSI from peak to minima during last forty
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Figure 6: (a) Restored total solar irradiance for the years 1600 - 2014.

(b) Central England temperatures (CET) recorded continuously since 1658 where the reoccurring cool periods are shown in
blue colour while red colour areas have shown the warm periods. This plot also shows that all times of solar minima are

coincident with cool periods in CET [238].

years (1978-2018). Second panel (from bottom) of
Figure 7 has shown the variation in the global
temperature anomaly during the period 1978 to 2018,
here we have noticed that the value of the global
temperature anomaly has reached from 0.13°C to
0.99°C and has shown the increment of 0.16°C per
decade. The variation of the global mean sea level
(GMSL) is shown by the third panel (from bottom) of
Figure 7, here have noticed a continuous increase in
the sea levels since 1993 to present time. This rapid
change in GMSL has indicated that the climate of our
planet is changing. The global-mean sea level rise on
decadal time scales was caused by warming and
hence reduction in density of seawater, and by
increase in the mass of the ocean through transfer of
water from other stores in the climate system.
According to the assessment of [168], thermal
expansion provided the largest contribution to global-
mean sea level rise during the twentieth century.

Fourth panel of the Figure 7 has shown the present
status of sea-ice extent which is about 24.3 million sq.
km. The rate of reduction of the global ice extent was
0.06 million sq. km per year. The fifth panel of Figure 7
has showed the global precipitation anomaly. Based on
the moving averages it can be seen that precipitation
anomaly was lower than 1 mm in the year 1981 and
was approximately -2 mm during 1986-1990. Zhang et
al. [169] have studied the precipitation anomaly from
1998 to 2015 and have concluded that average annual
precipitation anomaly values were less than the
previous one.

Bhargawa and Singh [9] have analysed the
influence of solar irradiance on climate parameters.
Firstly they have used the impulse response function
analysis on the data. Figure 8a has shown the impulse
response of solar irradiance shock and it's percent
variations with global temperature anomaly, global
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Figure 7: Variations in the total solar irradiance, TSI (First
panel), the global average surface temperature anomaly
(Second panel), the global mean sea level (Third panel), the
global sea-ice extent (Fourth panel), the global precipitation
anomaly (Fifth panel) during the years 1978 - 2018
(Bhargawa and Singh, [9]).

mean sea level, global sea-ice extent and global
precipitation anomaly for next ten years. It is clear from
the Figure 8a that the global precipitation anomaly has
shown the negative response for next two years but it
become positive for rest of the period. The shocks to
solar irradiance have shown positive and significant
initial impacts on various climate parameters. This has
confirmed a direct and positive impact of solar
irradiance on these climatic parameters. Figure has
also indicated that the initial impact of solar irradiance
on global temperature anomaly was slightly higher in
comparison to other parameters. It simply meant that
the effect of solar irradiance on global temperature
anomaly will last for longer time. Figure 8b has shown
the variance decomposition results in response to solar
irradiance. Figure 8b has revealed approximately 4.7%
of future changes (during 2018-2028) in global
temperature due to changes in total solar irradiance.
The TSI have influence on future changes in global
mean sea level by about 0.67 % while after the 10"
period a small variation in TSI results in 5.3% reduction
in the future change of global sea-ice extent and a
quick response in changes in global precipitation
anomaly and TSI have no long term effects on it [9].

4.2. Solar UV Irradiance, Atmospheric Ozone and
Climate

The thermal structure and composition of the
atmosphere is determined fundamentally by the
incoming solar irradiance. Radiation at ultraviolet
wavelengths dissociates atmospheric molecules,
initiating chains of chemical reactions-specifically those
producing stratospheric ozone and providing the major
source of heating for the middle atmosphere, while
radiation at visible and near-infrared wavelengths
mainly reaches and warms the lower atmosphere and
the Earth’s surface. Thus the spectral composition of
solar radiation is crucial in determining atmospheric
structure, as well as surface temperature, and it follows
that the response of the atmosphere to variations in
solar irradiance depends on the spectrum. Daily
measurements of the solar spectrum between 0.2 um
and 2.4 ym, made by the Spectral Irradiance Monitor
(SIM) instrument on the Solar Radiation and Climate
Experiment (SORCE) satellite since April 2004, have
revealed that over this declining phase of the solar
cycle there was a four to six times larger decline in
ultraviolet than would have been predicted on the basis
of our previous understanding. This reduction was
partially compensated in the total solar output by an
increase in radiation at visible wavelengths. Haigh et al.
[170] have shown that these spectral changes appear
to have led to a significant decline from 2004 to 2007 in
stratospheric ozone below an altitude of 45 km, with an
increase above this altitude. The amplitude of UV
variability is uncertain, yet it directly affects the
magnitude of the climate response: observations from
the SOlar Radiation and Climate Experiment (SORCE)
satellite show broadband changes up to three times
larger than previous measurements. Ball et al., [171]
have presented estimates of the stratospheric ozone
variability during the solar cycle. They estimated the
photolytic response of stratospheric ozone to changes
in spectral solar irradiance by calculating the difference
between a reference chemistry—climate model
simulation of ozone variability driven only by transport
(with no changes in solar irradiance) and observations
of ozone concentrations. They stated that at altitudes
above pressure levels of 5 hPa, the ozone response to
solar variability simulated using the SORCE spectral
solar irradiance data are inconsistent with the
observations.

Figure 9 shows the variations of total ozone column
and stratospheric temperature during 1981-2019 which
clearly indicates that during high solar activity, larger
ozone concentrations and higher temperature are
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Figure 8: (a) Impulse response of the global surface temperate anomaly, the global means sea level, the global sea-ice extent
and the global precipitation anomaly to the total solar irradiance for a time period of 10 years (2018-2028) (Bhargawa and Singh,
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(b) Variance decomposition charts of global surface temperate anomaly, global mean sea level, and global sea ice extent and
global precipitation anomaly in response of changes in total solar irradiance for the period of next 10 years (2018-2028)

(Bhargawa and Singh, [9]).

observed which may be due to stronger pressure
gradients [172]. Solar variability can influence surface
climate by affecting the mid-to-high-latitude surface
pressure gradient associated with the North Atlantic
Oscillation1. One key mechanism behind such an
influence is the absorption of solar ultraviolet (UV)
radiation by ozone in the tropical stratosphere, a
process that modifies temperature and wind patterns
and hence wave propagation and atmospheric
circulation. The North Atlantic Oscillation (NAO) which
is a feature of the natural variability of the climate
characterised by the difference in surface pressure
between the Icelandic low and Azores high, is
associated with stronger westerlies, more northerly
storm tracks and milder winters in Europe and North
America [173, 174]. During solar minima, the
stratospheric winter polar vortex is weaker and
negative zonal wind anomalies extend to the surface.
This represents a negative phase of the NAO and
hence weaker westerlies and cold, snowy winters in
Europe and North America. Studies suggest that the
NAO response peaks a few years after the solar cycle
maximum, possibly due to atmosphere-ocean
interactions over the North Atlantic [175]. Solar cycle
signals have been also observed in the tropics where
stronger trade winds, a stronger overturning circulation
and shifts in precipitation, as well as changes in sea
surface temperature patterns, occur during solar

maxima [6, 38]. There is some observational evidence
for a connection between geomagnetic activity and
surface air temperatures. During active geomagnetic
activity, which are characterised by energetic particle
precipitation towards the Earth and which peak a few
years after a solar cycle maximum, typical regional
surface temperatures pattern have been reported
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Figure 9: Variations in the total ozone column (DU) and the
stratospheric temperature (K) during the period 1981-2019.
(Source: Atmospheric Chemistry and Dynamics Laboratory
NASA; https://acd-ext.gsfc.nasa.gov).
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(Thejll and Lassen, 2000). The solar irradiance, directly
absorbed by the Earth and ocean surface, changes
precipitation and vertical motions which in turn
influence trade winds and ocean upwelling [176]. The
solar maximum lead to the stronger Hadley and Walker
circulations and associated colder Sea Surface
Temperatures (SSTs) in the tropical Pacific [177].
However, the details of the bottom-up mechanism and
even the sign of SST response in the tropical Pacific
are still under debate [178].

Fractional variations in the UV radiation of the solar
radiative output are much larger than those in the
visible and near Infrared region reaching 5 to 8% in the
stratospheric region important for ozone chemistry [51,
179]. The enhanced UV radiation during solar
maximum leads to a warming in the tropics around the
stratopause and to greater ozone formation down
below. The ozone absorbs UV radiation at longer
wavelengths and gives an additional warming [180].
The warming in the tropics leads to stronger winds in
the subtropical upper stratosphere [181], which
influence the background state for planetary waves
propagating upward from the troposphere [182].
Through complex interactions between the atmospheric
flow and planetary waves, the signal in the middle
atmosphere is transmitted down to the troposphere,
where it modifies the NAO and leads to measurable
regional effects [181, 183]. Since a number of other
factors, such as ENSO, the QBO or volcanic eruptions
influence the temperature of the lower stratosphere
[140]. The processes involving stratospheric heating by
solar UV and subsequent dynamical adjustment have
been confirmed in a number of climate modelling
studies [6, 39, 181].

The UV absorption composes only a small
proportion of the total incoming solar energy and it has
relatively large variations during the 11 year solar
cycle. Studies have shown up to 6% variations present
near 200 nm where oxygen dissociation and ozone
production occur and up to 4% in the region 240-320
nm where absorption by stratospheric ozone is
prevalent [141, 184]. The direct effect of irradiance
variations is amplified by an important feedback
mechanism involving ozone production, which is an
additional source of heating [185, 186]. The origins of
the lower stratospheric maximum and the observed
signal that penetrates deep into the troposphere at mid-
latitudes are less well understood and require
feedback/transfer ~mechanisms both  within the
stratosphere and between the stratosphere and
underlying troposphere. The variation at different

wavelengths intervals may have an important impact
on the terrestrial climate system. However, the time
series of spectral solar irradiance is still too short to
allow a reliable estimate of the solar influence on the
Earth’s climate. Variations of the total solar irradiance
at wavelengths longer than 300 nm have been
successfully reproduced [28, 51, 179, 180, 187, 188].

4.2.1. Indirect Effects through the Stratosphere

Out of the Sun’s mean total radiative output of 1365
Wm™ about 15 Wm™ (~1 %) of energy is in the
ultraviolet spectrum and does not reach completely to
the Earth’s surface [33]. This energy is deposited in the
stratosphere, where it drives ozone destruction/
formation. Although unavailable for direct forcing of
climate, it may induce indirect climate effects as a
result of radiative and dynamical coupling of the
stratosphere and troposphere [189-191]. The regional
pattern of such indirect climate forcing is likely quite
different from the effects of direct surface heating by
solar radiation. The effect of solar cycle UV irradiance
changes on stratospheric ozone are now relatively well
established as a result of extensive space-based
datasets that span about four solar activity cycles [192-
194]. Observations revealed that the 11year cycle of
~1% peak to peak amplitude in middle UV radiation is
associated with a 2-3% modulation of global total
atmospheric ozone. Though the solar UV-induced
ozone effects vary with geographic location and
altitude, and appear to induce a significant tropopause
response [195].

The solar cycle (SC) stratospheric ozone response
is thought to influence surface weather and climate. To
understand the chain of processes and ensure climate
models adequately represent them, it is important to
detect and quantify an accurate SC ozone response
from observations. Chemistry climate models (CCMs)
and observations display a range of upper stratosphere
(1-10 hPa) zonally averaged spatial responses; this
and the recommended data set for comparison remains
disputed. Recent data-merging advancements have led
to more robust observational data. Using these data,
Ball et al. [196] have shown that the observed SC
signal exhibits an upper stratosphere U-shaped spatial
structure with lobes emanating from the tropics (5-10
hPa) to high altitudes at midlatitudes (1-3 hPa).

There is now growing evidence that solar-driven
energetic particle precipitation (EPP) is another
important source for stratospheric variability. Auroral
electron precipitation provides direct forcing at polar
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thermospheric altitudes (above about 100 km), while
solar proton events (SPE) and medium-energy electron
(MEE) precipitation generate excess ionization in the
polar middle atmosphere (between about 30 and 80
km). This leads to significant changes in the neutral
atmosphere through the formation of odd nitrogen
(NO,) and odd hydrogen (HO,). Enhanced production
of NO, and HO, affects stratospheric and mesospheric
ozone (O3), which then has the potential to further
influence atmospheric dynamics [197]. Solar Energetic
particles (SEPs) produced during eruptive solar events
can also produce significant episodic ozone depletion,
primarily at higher latitudes (where the particles
preferentially enter the Earth’s atmosphere) and for
relatively short periods (days). Ozone depletion arises
from the odd nitrogen chemical destruction cycle that
the particles initiate [40]. These depletion events,
whose frequency and strength vary with solar activity,
are superimposed on the more sustained solar UV
radiation-induced ozone changes that occur during the
11-year solar cycle.

Recently, Bhargawa et al. [198] have studied the
variation of UV radiations and total ozone column
during super storm events occurred in solar cycles 22,
23 and 24. To that end, they had chosen seven storm
events having Dst< -300 nT and by applying the
superposed epoch analysis also analyzed the impact of
solar proton density on the total ozone column and the
UV radiation level by applying the superposed epoch
analysis (SEA). Figure 10 has presented the result of
SEA where it has clearly revealed that in most of the
cases during increased solar proton density during the
storm period there was nearly 22 + 6.8% decrement in
the total ozone column and about 26 + 11.2%
increment in the UV index. The lower panel of the
figure has displayed the variation in Dst index for seven
days where ‘0’ corresponds to the storm day while +
and - mean the subsequent post- and pre- storm days
respectively. The depletion in the ozone column
continued for 24-36 hours after the peak of the Dst
index, this time delay in the observation of storm
effects on the total ozone column might be associated
with the delay in arrival of odd nitrogen or hydrogen
molecules produced at higher altitudes [199]. As a
response to the reduction in ozone level, the UV index
showed an increment of 26+11.2% [198]. The extent to
which solar UV radiation and energetic particle effects
have indirect climatic impacts depends on the coupling
of the stratosphere with the troposphere. Since ozone
absorbs electromagnetic radiation in the UV, visible,
and IR spectral regions, changes in ozone

concentration can affect Earth’s radiative balance by
altering both incoming solar radiation and outgoing
terrestrial radiation.
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Figure 10: Outcome of superposed epoch analysis (SEA)
during the super storm day (0), while (+) and (-) indicate the

subsequent post- and pre- storm days respectively
(Bhargawa et al., [198]).

With tropospheric climate, the solar induced ozone
changes occur simultaneously with other natural and
anthropogenic effects that must be understood and
quantified in order to isolate the solar component [200,
201]. Solar-induced indirect effects on climate may also
involve altered modes of variability. Model simulations
and analyses of patterns of variability suggest that the
Arctic Oscillation (AO), or Northern Annular Mode
(NAM), and its subset the North Atlantic Oscillation
(NAO) propagate from the stratosphere to the
troposphere [202-204].

43. Role of Cosmic Rays in Sun-Climate

Connections

The idea that cosmic ray changes could directly
influence the weather was proposed by Ney [152].
Dickinson [205] considered that modulation of GCR
fluxes into the atmosphere by solar activity might affect
cloudiness and hence might be a viable Sun-climate
mechanism. During solar minimum, the GCR flux is
enhanced and is responsible for increased atmospheric
ion production. The flux of GCR is modulated by the
solar magnetic activity which provides a link between
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solar variability and climate [45, 206]. Tinsley [207] has
proposed the GCR-cloud link through the global
atmospheric electric circuit, where global circuit causes
a vertical current density in fair-weather flowing
between the ionosphere and the surface. Charging
modifies the cloud microphysics, and hence, as the
current density is modulated by cosmic ray ion
production, the global circuit provides a possible link
between solar variability and clouds. The GCR flux on
the Earth is further modulated by the slowly changing
geomagnetic field which does not allow the least
energetic but most abundant CR particles to impinge
on the Earth [208]. Both GCR modulation mechanisms
are independent and act on different time scales which
need the clarity of the GCR effect on the Earth.

The Cosmics Leaving OUtdoor Droplets (CLOUD)
experiment was created to systematically test the link
between galactic cosmic rays (GCR) and climate,
specifically, the connection of ions from GCR to aerosol
nucleation and cloud condensation nuclei (CCN), the
particles on which cloud droplets form. The CLOUD
experiment subsequently unlocked many of the
mysteries of nucleation and growth in our atmosphere,
and it has improved our understanding of human
influences on climate [209]. Figure 11 has summarizes
the various steps of relationship among the low solar
magnetic field, the sunspots, the galactic cosmic rays,
the cloud formation and the global cooling [208, 210,
211]. It is proposed that ionised aerosols can act
preferentially as cloud nuclei and hence a higher
incidence of GCRs might increase cloud cover. The
processes necessary are under critical revision
specifically with cloud chamber experiments at the
CERN particle accelerator [206]. GCRs also contribute
to variations in the Global Electric Circuit (GEC) and
another area of research concerns whereby cloud
formation could be affected [207, 212-214].

Lower Magnetic Fewer Less Solar
Field Strength Sunspots Wind

More Sunlight

More Galactic
Cosmic Rays

More Low Level

Reflected Cloud Formation

Into Space

Earth Becomes
Colder

Figure 11: Summary of relationship among low solar
magnetic field, sunspots, galactic cosmic rays, cloud
formation and the global cooling.

Cosmic ray induced ionization is the principle
source of the ionization of the low and middle
atmosphere and can slightly modulate cloud formation
[215]. Even a small change in the cloud cover modifies
the  transparency/absorption/reflectance  of the
atmosphere and affects the amount of absorbed solar
radiation, even with no changes in the solar irradiance.
High energy protons passing through the atmosphere
cause ionization and produce nuclei for condensation
of water droplets. Condensation tends to occur readily
in the atmosphere because it is often supersaturated
with water vapour. Clouds reflect incoming solar
irradiance, which results in atmospheric cooling [216,
217]. Figure 12 has presented the percentages
variation of cloud cover with global surface air
temperature which revealed that how cooling takes
place. Thus the cloud generating cosmic rays provide a
satisfactory explanation for both long-term and short-
term climate changes [212, 218]. In addition, the impact
of cosmic rays on the radiative budget is found to be an
order of magnitude larger than the TSI changes.
Additional support for a cosmic ray—climate connection
is the remarkable agreement that is seen on timescales
of millions and even billions of years, during which the
cosmic ray flux is governed by changes in the stellar
environment of the solar system; in other words, it is
independent of solar activity. This leads to the
conclusion that a microphysical mechanism involving
cosmic rays and clouds is operating in the 20 Earth’s
atmosphere, and that this mechanism has the potential
to explain a significant part of the observed climate
variability in relation to solar activity [219].

15.8

Global surface air temperature °C
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Low cloud cover %

Figure 12: Percentage variations of the low cloud cover with
the global surface air temperature and indication of
atmospheric cooling (Singh and Bhargawa, [220]).

4.3.1. Causality between Cosmic Rays, Cloud Cover
and Global Surface Temperature

Recently, Singh and Bhargawa [220] have tested
the causality of climatic parameters like total solar
irradiance, cosmic ray intensity, global cloud cover and
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global surface temperature by adopting the variance
decomposition method using Vector Auto Regression
(VAR) model. During the process they have analysed
35 years data, so have assumed 35 periods as the long
run and 3 periods for the short run. Figure 13 has
shown the variance decomposition of the cosmic ray
intensity with the total solar irradiance which has further
revealed that the contribution of the TSI in variation of
the cosmic ray was about 0.65+0.02% in short run (3
years) but in case of long run (35 years) the TSI index
has contributed about 8.77+0.42% in the variation of
the cosmic ray intensity. Similarly, Figure 14 has shown
the variance decomposition of the cloud cover and its
dependency in the variations of the TSI, the cosmic ray
intensity as well as the global surface temperature.
Considering the short run impacts of the TSI, it has
contributed 0.66+0.01% fluctuations in the variance of
the cloud cover but for the long run this contribution
increased up to 1.68+0.03%. The cosmic ray intensity
has contributed 0.55+0.01% to the fluctuation of the
cloud cover in the short run and contributed
4.89+0.08% in the long run. The figure has also
indicated that the surface temperature have maximum
impact on the cloud cover as 1.06£0.06% in the short
run and has contributed 10.87£1.41% in the long run.
Figure 15 has presented the variance decomposition of
the global surface temperature which revealed that the
TSI and the cloud cover have played important role in
the variation of the global surface temperature. In fact
in the short run, the TSI and the cloud cover has
caused 0.36+0.08% and 0.84+0.04% fluctuations in the
global surface temperature respectively while the long
run contribution of these two parameters increased to
5.07+0.47% and 14.42+2.13% respectively.
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Figure 13: Percentage variations of total solar irradiance
(TSI) with time responsible for variation in cosmic ray
intensity obtained from the variance decomposition method
(Singh and Bhargawa, [220]).
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Figure 14: Percentage variations of the TSI, cosmic ray
intensity and global surface temperature with time
responsible for variation in cloud cover obtained from the
variance decomposition method (Singh and Bhargawa,
[220]).
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Figure 15: Percentage variations of the TSI and cloud cover
responsible for variation in global surface temperature

anomaly obtained from the variance decomposition method
(Singh and Bhargawa, [220]).

5. FUTURE SOLAR ACTIVITY PREDICTIONS AND
CLIMATE

The coincidence of an unusual long and deep solar
minimum around 2008 together with the occurrence of
a few cold and snowy winters in Europe since 2009
revived the discussion of solar influence on climate
[38]. Number of studies recently has predicted that the
Sun is currently declining from a grand maximum and
moving towards a new grand minimum on longer
scales [7, 27, 157, 221-224]. Figure 16 shows the
predicted variations (dotted lines) of the sunspot
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numbers, F10.7 spectral index and Lyman Alpha index
for solar cycles 25 and 26 which clearly indicates for
future minimum solar activity [27]. Contrary to above,
model projections of the 21st century participating in
the Fifth Coupled Model Intercomparison Project
(CMIP5) did not account for long-term changes in solar
variability in the future [225, 226]. While there is
consensus on the small impact of a solar minimum on
global warming, the effects on regional scales are still
poorly understood. More recently, it was shown that a
future grand minimum would lead to a significant
reduction in the projected warming tendency over
Eurasia [227, 228].
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Figure 16: Predicted variations (dotted lines) of the solar
activity parameters like sunspot numbers, F10.7 spectral
index and Lyman Alpha index for solar cycles 25 & 26 (Singh
and Bhargawa, [27]).

Based on the reconstructions of sunspots, solar
forcing were possibly overestimating the amplitude of
the TSI decrease during the maunder minimum relative
to present-day. It has been suggested that the solar
minimum in 2008-2009 could better represent the
actual TSI values for the maunder minimum [167, 229].
Therefore, a feasible future scenario of solar activity
may involve a decrease in 11 year variability, with
smaller TSI changes. A future decrease in the 11 year
solar cycle variability could be predominantly driven by
changes in certain spectral regions, such as visible and
UV, as supported by current observational estimates of
solar spectral irradiance (SSI) forcing [181]. However,
the use of different magnitudes for TSI and UV forcing
in their simulations makes it difficult to accurately

assess the relative contribution of visible and UV
wavelengths to the model response to a given TSI
perturbation.

Various predictions have already been made by
various workers using different methods and the results
obtained were varied in some order. Schatten and
Tobiska [230] had claimed that solar activity will
decrease after cycle 24 and will lead for a Maunder
Minimum in the next few decades. Hathaway and
Wilson [231] had predicted that the maximum number
of sunspot numbers would be 70 £ 30 for solar cycle 25
while Du and Du [232] had found that the amplitude of
a solar activity cycle was well correlated with the
descending time three cycles earlier. Clilverd et al.
[233] used a model for calculation of sunspot numbers
using low-frequency solar oscillations. Their peak value
of sunspot predictions for the cycle 25 was also
significantly smaller than cycle 24. Quassim et al. [234]
had used the neuro-fuzzy approach for the prediction
of amplitudes of the upcoming solar cycle 25. They
estimated the maximum sunspot numbers in the year
2021 with the value of 116. Pishkalo [235] calculated
the correlation between various parameters of solar
cycles 1-23. Further they used these derived
regressions to make predictions of solar cycle 25.
Apart from sunspot numbers Singh and Bhargawa [27]
have considered F10.7cm index and Lyman alpha
index for the predictions of solar cycles 25 and 26 and
have inferred that the next solar cycle (cycle 25) will
start in 2021 (January) and would last till the year 2031
(February) while the maxima of the cycle would reach
around the year 2024 (February) with sunspot
numbers, F10.7 cm index and Lyman alpha index
values 8919, 124111 and 4.61+0.8 respectively. The
solar cycle 26 will start in 2031 (March) and will last till
2043 (February) and its maxima will reach during the
year 2036 (June) with the particular values of sunspot
numbers, F10.7cm index and Lyman alpha index as
7817, 11849 and 4.41+0.02 respectively (Figure 16).
Based on the above findings if we assume that the
there will be lower solar activity in future then it simply
mean that there will be increased radiation from the
GCRs which directly influence the terrestrial climate in
future.

Galactic cosmic ray (GCR) flux in the proximity of
the Earth is strongly modulated by the variable solar
magnetic activity. Figure 17 shows the cosmic ray
modulation which has the revere relation to solar
activity analogous to 11 year solar cycles. The time
profile of the sunspot numbers is shown in Figure 17a
while Figure 17b has represented the cosmic ray flux



Ascendancy of Solar Variability on Terrestrial Climate

Journal of Basic & Applied Sciences, 2020, Volume 16 121

(a) 250 ! ;

a1
8.2

s 8

3“%‘ M’*\. “u W . J

W‘*«,

-0
=3

50 1960 19?0

1980

1990 2000

BOO i

,F“mw

"

70 T

4=]
o

=24
o

CR count rate (%) = Sunspot numbers

1950 1960 1970

1980
Years

Figure 17: Cyclic variations (a) time profiles of International sunspot number (b) cosmic- ray flux as the count rate of a polar

neutron monitor since 1951 (Usoskin, [601]).

measured by neutron monitor. Besides inverse
relation between them, it is noticeable that short
terms fluctuations are driven by interplanetary solar
transients and so are indirectly related to sunspot
numbers. The level of cosmic ray modulation during
the solar cycle 24 is moderate in comparison to the
previous solar cycles indicating the weak activity of the
cycle [60]. Based on the above findings, one can
infer that if there is lower solar activity in future then it
simply means that there would be increased GCR
radiations that impact directly to the terrestrial climate
in future.

A future Maunder Minimum type grand solar
minimum, with total solar irradiance reduced by 0.25%
over a 50 year period from 2020 to 2070, is imposed in
a future climate change scenario experiment (RCP4.5)
using, for the first time, a global coupled climate model

that includes ozone chemistry and resolved
stratospheric dynamics (Whole Atmosphere
Community Climate Model). This model has been

shown to simulate two amplifying mechanisms that
produce regional signals of decadal climate variability
comparable to observations, and thus is considered a
credible tool to simulate the Sun's effects on Earth's
climate [236]. After the initial decrease of solar
radiation in 2020, globally averaged surface air
temperature cools relative to the reference simulation
by up to several tenths of a degree Centigrade. By the
end of the grand solar minimum in 2070, the warming
nearly catches up to the reference simulation. Thus, a
future grand solar minimum could slow down but not
stop global warming [237].

6. DISCUSSION

Radiation from the Sun ultimately provides energy
source for the Earth’s atmosphere and changes in solar
activity clearly have the potential to affect climate.
There are statistical evidences for solar influence on
various climate parameters on all timescales, although
extracting the signal from the noise in a naturally highly
variable system remains a key problem. The three
broad types of suggested Sun-climate mechanism
have been discussed above in order of their current
state of development. Variations in solar total
irradiance certainly affect climate, since the Sun’s total
irradiance is ultimately responsible for driving the
climate system, while the effect of the 11-year cycle in
total irradiance seems to have been directly observed
in global sea-surface temperatures. In the case of
spectral irradiance variations in the ultraviolet, general
circulation models using observed 11-year variations in
stratospheric ozone show that tropospheric circulation
may well be affected, thereby influencing surface
climate.

Changes in the total solar irradiance directly
impacts the Earth’s energy balance but there are some
uncertainties in the historical record of TSI which mean
that the magnitude of even this direct influence is to be
studied properly. Variations in solar UV radiation
impact the thermal structure and composition of the
middle atmosphere but details of the responses in both
temperature and ozone concentrations are not well
established. Various theories are now being developed
for coupling mechanisms whereby direct solar impacts
on the middle atmosphere might influence the
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troposphere but the influences are complex and non-
linear and many questions remain concerning the
detailed mechanisms which determine to what extent,
where and when the solar influence is felt. Variations in
cosmic radiation, modulated by solar activity, are
manifest in changes in atmospheric ionisation but it is
not yet clear whether these have the potential to
significantly affect the atmosphere in a way that will
impact climate [238].

The most obvious mechanism for solar variations
affecting the Earth’s climate is due to the change in
heating of the Earth system associated with varying
TSI. These are found to partially explain the variations
in the temperature of the oceanic mixed layer, but even
in this case, it appears that modulations in the ocean-
atmosphere sensible and latent heat fluxes are needed
to explain the observations. Space-based radiometers
have recorded TSI since 1978 and have established
that it varies at the 0.1% level over the solar cycle.
Solar variability is a strong function of wavelength,
increasing toward shorter wavelengths and, thus,
reaching a factor of two in the Lyman alpha line. Most
of the irradiance variability of the Sun is produced by
dark (sunspots, pores) and bright (magnetic elements
forming faculae and the network) surface magnetic
features, whose concentration changes over the solar
cycle.

The most mature Sun-climate mechanism at this
time involves the direct effect of the observed variation
in solar UV radiation affecting stratospheric ozone,
leading to associated temperature variations. The
resulting temperature gradients lead to changes in the
zonal wind, which, in turn, changes planetary wave-
mean flow interactions. Inclusion of these mechanisms
in fully coupled chemistry-climate models has been
achieved, and many of the observed features in
stratospheric  temperatures, winds, and ozone
distributions have been reproduced, including the
maximum in ozone in the lower stratosphere, which
appears to be an indirect effect associated with
changes in the global circulation. The solar modulation
of GCRs or the global electric circuit has also been
proposed as a mechanism for Sun-climate influence on
climate, through their ability to influence cloud cover.
Looking towards the lower solar activity in future
predictions this factor may play a bigger role in
terrestrial climate change and will further need the
appropriate model to understand the exact mechanism
involved in the complex nature of the problem.

It therefore seems likely that solar activity has had
more pronounced climate impacts at the regional scale

than at the global scale, at the time scales considered
here. Better reconstructions and simulations of these
regional climate variations, and independently of
climate forcings, are needed to understand their
relationships. These studies of the last few centuries
make it possible to consider the climatic impact of the
Sun over the next few centuries, particularly with the
hypothesis of a return to a very low level: this impact
should remain low on a global scale compared to those
of anthropogenic forcings (greenhouse gases, albedo),
but at a regional scale it will continue to interact with
climate variability. According to the IPCC [239], the
current scientific consensus is that long and short-term
variations in solar activity play only a very small role in
Earth’s climate. Warming from increased levels of
human-produced greenhouse gases is actually many
times stronger than any effects due to recent variations
in solar activity. The last few decades were marked by
considerable successes in helioclimatology may be
because of both the satellite and the ground-based
observations have brought a lot of new evidences for a
link between solar activity and the phenomena of the
lower atmosphere. The significant progress in
experiment and theory/modelling has increased our
knowledge of the Sun and solar-terrestrial connections,
although the absolutely conclusive proof of the reality
of the solar-climate link is still missing. The lack of facts
and understanding about the connecting processes at
work is the main cause of this shortcoming. Data
obtained by experimental observation are quite precise
but rather short in time scale. Paleoproxies are much
longer but their uncertainty generally increases as a
function of time from the present.

7. SUMMARY

This paper presents a brief review of our present
knowledge of solar influence on climate, including the
physics of solar variability, information on direct and
proxy observations of both solar variability and climate,
and some of the suggested mechanisms by which solar
variability might influence climate. Observations have
indicated that electromagnetic radiation from the Sun
varies with the solar cycle and the Sun emits more
radiation at sunspot maximum, paradoxically, when it is
most covered with dark sunspots. We now understand
this to be a result of the dominance of the bright
faculae, which also vary over the solar cycle. In
summary:

1. Considerable progress has been made in the
past decade on the topic of solar variability and
its influence on climate. New data and models
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have revealed some new inconsistencies that
will provide a challenge for the future.

2. It is an interdisciplinary field that has
reverberations well beyond astrophysics, and
considerable effort will be required to overcome
the challenges ahead.

3. A large proportion of climate variations can be
explained by the action of TSI, UV and CR on
the state of the lower atmosphere and climatic
parameters.

4. The trend of global surface temperature is
moving towards warming despite of the role of
solar signals in the 11-year variations of the
Earth's climate are being expressed as several
years of global temperature drop.

5. Combined effects of solar, cosmic, geophysical
and human activity on climate change patterns
are required to deal with the complexity of the
situation.

ACKNOWLEDGEMENTS

AKS is thankful to respective authors for adopting
few figures from their contributions. AB is thankful to
University Grants Commission (UGC), India for partial
financial support as RG National Fellowship.

REFERENCES

[1] Schwenn, R., 1990. Large-Scale Structure of the
Interplanetary Medium, in Physics of the Inne Heliosphere,
Vol. I: Large-Scale Phenomena, (Eds.) Schwenn, R., Marsch,
E., vol. 20 of Physics and Chemistry in Space, pp. 99-181,
Springer, Berlin, Germany; New York, U.S.A.
https://doi.org/10.1007/978-3-642-75361-9_3

[2] Friis-Christensen, E., Lassen, K., 1991. Length of the solar
cycle: an indicator of solar activity closely associated with
climate. Science, 254, 698-700
https://doi.org/10.1126/science.254.5032.698

[3] Pap J.M., Fox, P., Fréhlich, C., 2004. Solar activity and its
effects on climate. Geophysical Monograph 141, AGU,
Washington DC, USA, p. 97.
https://doi.org/10.1029/GM141

[4] Calisesi, Y., Bonnet, R.M., Gray, L., Langen, J., Lockwood,
M., 2007. Solar Variability and Planetary Climates. Springer
Science, Netherlands.
https://doi.org/10.1007/978-0-387-48341-2

[5] Haigh, J.D., 2007. The Sun and the Earth’s Climate. Living
Rev. Sol. Phys. 4, 02.
https://doi.org/10.12942/Irsp-2007-2

[6] Gray, L.J., Beer, J., Geller, M., Haigh, J.D., Lockwood, M., et
al., 2010. Solar Influences on Climate. Rev. Geophys. 48,
4001.
https://doi.org/10.1029/2009RG000282

[7] Lockwood, M., 2012. Solar Influence on Global and Regional
Climates. Surv Geophys 33, 503-534.
https://doi.org/10.1007/s10712-012-9181-3

8]

&l

[10]

(1]

2]

(3]

[14]

(18]

[16]

7]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

(25]

Pesnell, W.D., Thompson, B.J., Chamberlin, P.C., 2012. The
Solar Dynamics Observatory (SDO). Solar Phys. 275, 3—-15.
https://doi.org/10.1007/978-1-4614-3673-7_2

Bhargawa, A., Singh, A.K., 2019. Solar irradiance, climatic
indicators and climate change — An empirical analysis.
Advan. Space Res. 64, 271-277.
https://doi.org/10.1016/j.asr.2019.03.018

Herschel, W., 1801. Observations Tending to Investigate the
Nature of the Sun, in Order to Find the Causes or Symptoms
of Its Variable Emission of Light and Heat; With Remarks on
the Use That May Possibly Be Drawn from Solar
Observations. Philosophical Transactions of the Royal
Society of London, 91, 265-318.
https://doi.org/10.1098/rstl.1801.0015

Herman, J.R., Goldberg, R.A., 1978. Sun, Weather and
Climate. Scientific and Technical Information Branch, NASA.
Washington, D.C. 426.

Hoyt, D.V., Schatten, K.H., 1998. Group Sunspot Numbers: A
New Solar Activity Reconstruction. Sol. Phys. 181, 491-512.
https://doi.org/10.1023/A: 1005056326158

Waple, A.M., Mann, M.E., Bradley R.S., 2002. Long-term
patterns of solar irradiance forcing in model experiments and
proxy based surface temperature reconstructions. Climate
Dynamics 18, 563.
https://doi.org/10.1007/s00382-001-0199-3

Frohlich, C., 2006. Solar Irradiance Variability since 1978.
Space Science Reviews 90, 1-13.
https://doi.org/10.1007/s11214-006-9046-5

Haigh, J.D., 1999. Modeling the impact of solar variability on
climate. J. Atmos. Solar-Terr. Phys. 61, 63.
https://doi.org/10.1016/S1364-6826(98)00117-5

Hood, L.L., 2004. Effects of solar UV variability on the
stratosphere. In: Pap, J. and Fox, P. (Eds.) Solar variability
and its effects on climate. Geophysical monograph 141,
AGU, Washington DC, USA, 2004, p. 283.
https://doi.org/10.1029/141GM20

Veretenenko, S.V, Pudovkin M.l.,, 1999. Variations of solar
radiation input to the lower atmosphere associated with
different helio/geophysical factors. J. Atm. Solar-Terr. Phys.
61, 521.

https://doi.org/10.1016/S1364-6826(99)00014-0

Willson, R.C., Gulkis, S., Janssen, M., Hudson, H.S,
Chapman, G.A., 1981. Observations of Solar Irradiance
Variability. Science 211, 700-702.
https://doi.org/10.1126/science.211.4483.700

Wald, L., 2018. Basics in solar radiation at Earth surface.
ffhal-01676634f

Rind, D., Lonergan, P., Balachandran, N.K., Shindell, D.,
2002. 2 x CO2 and solar variability influences on the
troposphere through wave-mean flow interactions, J.
Meteorol. Soc. Jpn. 80, 863-876.
https://doi.org/10.2151/jms|.80.863

Frohlich, C., Lean J., 2004. Solar radiative output and its
variability: evidence and mechanisms. The Astron.
Astrophys. Rev. 12, 273-320
https://doi.org/10.1007/s00159-004-0024-1

Frohlich, C., 2009. Evidence of a long-term trend in total
solar irradiance. Astron. Astophy. 501, L27 - L30.
https://doi.org/10.1051/0004-6361/200912318

Lean J, 2000. Evolution of the Sun’s spectral irradiance since
the Maunder Minimum, Geophys. Res. Lett. 27, 2425-2428.
https://doi.org/10.1029/2000GL000043

Haberreiter, M., Krivova, N.A., Schmutz, W., Wenzler, T.,
2005. Reconstruction of the solar UV irradiance back to
1974. Advances in Space Research 35, 365-369.
https://doi.org/10.1016/j.asr.2005.04.039

Wang, Y.M., Lean, J.L., Sheeley Jr., N.R., 2005. Modeling
the Sun’s Magnetic Field and Irradiance since 1713.
Astrophy. J. 625, 522-538.

https://doi.org/10.1086/429689




124 Journal of Basic & Applied Sciences, 2020, Volume 16

Singh and Bhargawa

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

(40]

Fréhlich, C., 2013. Solar Constant and Total Solar Irradiance
Variations. In: Richter C., Lincot D., Gueymard C.A. (eds)
Solar Energy. Springer, New York, NY.
https://doi.org/10.1007/978-1-4614-5806-7_443

Singh, A.K., Bhargawa, A., 2019. Prediction of declining solar
activity trends during solar cycles 25 and 26 and indication of
other solar minimum. Astrophys. Space Sci. 364, 12.
https://doi.org/10.1007/s10509-019-3500-9

Unruh, Y.C., Solanki, S.K., Fligge, M., 1999. The spectral
dependence of facular contrast and solar irradiance
variations. Astron. Astrophy. 345, 635-642.

Ortiz, A., Solanki, S.K., Domingo, V., Fligge, M., Sanahuja,
B., 2002. On the intensity contrast of solar photospheric
faculae and network elements. Astron. Astrophy. 388, 1036—
1047.

https://doi.org/10.1051/0004-6361:20020500

Singh, AK., Singh, R.P., Siingh, D., 2014. Solar Variability,
Galactic Cosmic Rays and Climate: a review. Earth Science
India 07,15-36.

https://doi.org/10.31870/ES1.07.1.2014.2

Ridder, H.G., 2017. The theory contribution of case study
research designs. Business Res., 10, 281-305.
https://doi.org/10.1007/s40685-017-0045-z

Crawford, J., Shetter, R.E., Lefer, B., Cantrell, C.,
Junkermann, W., Madronich, S., Calvert, J., 2003. Cloud
impacts on UV spectral actinic flux observed during the
International Photolysis Frequency Measurement and Model
Intercomparison (IPMMI). J. Geophys. Res. Atmos. 108,
D002731.

https://doi.org/10.1029/2002JD002731

Lean, J.L., Rottman, GJ, Kyle, H.L., Woods, T.N., Hickey,
J.L., Puga, L.C., 1997. Detection and parameterization of
variations in solar mid and near ultraviolet radiation (200 to
400 nm). Journal of Geophysical Research 102, 29939-
29956.

https://doi.org/10.1029/97JD02092

Loukitcheva, M.A., Solanki, S.K., White, S.M., 2009. in
Strassmeier K. G., Kosovichev S. G., Beckman J. E., eds,
Proc. IAU Symp. 259, Cosmic Magnetic Fields: From
Planets, to Stars and Galaxies. Kluwer, Dordrecht, p. 185

Lee, C.O,, Luhmann, J.G., Hoeksema, J.T. et al., 2011.
Coronal Field Opens at Lower Height During the Solar
Cycles 22 and 23 Minimum Periods: IMF Comparison
Suggests the Source Surface Should Be Lowered. Sol Phys
269, 367-388

https://doi.org/10.1007/s11207-010-9699-9

Floyd L., Rottman, G., Deland, M., Pap, J., 2003. 11 years of
solar UV irradiance measurements from UARS, in ESA SP-
535: Solar Variability as an Input to the Earth’s Environment,
(Ed.) A. Wilson, pp. 195-203

van Loon, H., Meehl, G.A., Shea, D.J., 2007, Coupled air—
sea response to solar forcing in the Pacific region during
northern winter. J. Geophys. Res., 112, D02108
https://doi.org/10.1029/2006JD007378

Meehl, G.A., Arblaster, J.M., Matthes, K., Sassi, F., van
Loon, H., 2009. Amplifying the Pacific Climate System
Response to a Small 11-Year Solar Cycle Forcing. Science
325, 1114.

https://doi.org/10.1126/science. 1172872

Harder, J.W., Beland, S., Snow, M., 2019. SORCE-based
Solar Spectral Irradiance (SSI) record for input into chemistry
climate studies. Earth and space sciences. 06, 2487-2507.
https://doi.org/10.1029/2019EA000737

Jackman, C.H., McPeters, R.D., Labow, G.J., Fleming, E.L.,
Praderas, C.J., Russell, J.M., 2001. Northern Hemisphere
atmospheric effects due to the July 2000 solar proton event.
Geophysical Research Letters 28, 2883-2886.
https://doi.org/10.1029/2001GL013221

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

Jackman, C.H., et al, 2008. Short- and medium-term
atmospheric constituent effects of very large solar proton
events. Atmos. Chem. Phys. 8, 765-785.
https://doi.org/10.5194/acp-8-765-2008

Potgieter, M.S., Burger, R.A., Ferreira, S.E.S., 2001.
Modulation of Cosmic Rays in the Heliosphere from Solar
Minimum to Maximum: A Theoretical Perspective. In:
Marsden R.G. (eds) The 3-D Heliosphere at Solar Maximum.
Springer, Dordrecht.
https://doi.org/10.1007/978-94-017-3230-7_49

Usoskin, |.G., Schissler, M., Solanki, S.K., Mursula, K.,
2005. Solar activity, cosmic rays, and Earth’s temperature: A
millennium-scale comparison. Journal of Geophysical
Research (Space Physics) 110, A10102.
https://doi.org/10.1029/2004JA010946

Rycroft, M.J., Harrison, R.G., Nicoll, K.A., Mareev, E.A.,
2008. An Overview of Earth’s Global Electric Circuit and
Atmospheric Conductivity. In: Leblanc F., Aplin K.L., Yair Y.,
Harrison R.G., Lebreton J.P., Blanc M. (eds) Planetary
Atmospheric Electricity. Space Sciences Series of ISSI, vol
30. Springer, New York, NY.
https://doi.org/10.1007/978-0-387-87664-1_6

Svensmark, H., Friis-Christensen, E., 1997. Variation of
cosmic ray flux and global could coverage — a missing link in
solar-climate relationships. Journal of Atmospheric and
Solar-Terrestrial Physics 59, 1225— 1232.
https://doi.org/10.1016/S1364-6826(97)00001-1

Labitzke, K., 1987. Sunspots, the QBO, and the stratospheric
temperature in the north polar region. Geophysical Research
Letters, 14, 535-537.
https://doi.org/10.1029/GL014i005p00535

Labitzke, K., van Loon, H., 1988. Associations between the
11-year solar cycle, the QBO and the atmosphere. Part I: the
troposphere and stratosphere in the northern hemisphere in
winter. Journal of Atmospheric and Terrestrial Physics 50,
197-206.

https://doi.org/10.1016/0021-9169(88)90068-2

Baldwin, M.P., Gray, L.J., Dunkerton, T.J., et al., 2001. The
quasi-biennial oscillation. Rev. of Geophy. 39, 179-229.
https://doi.org/10.1029/1999RG000073

Eddy, J.A., 1976. The Maunder Minimum. Science, 192,
1189-1202.
https://doi.org/10.1126/science.192.4245.1189

Wang, Y.M., Sheeley Jr., N.R., 1995. Solar Implications of
ULYSSES Interplanetary Field Measurements. Astrophy. J.
447, L143-L146.

https://doi.org/10.1086/309578

Ermolli, I., Berrilli, F., Florio, A., 2003. A measure of the
network radiative properties over the solar activity cycle,
A&A, 412, 857-864.
https://doi.org/10.1051/0004-6361:20031479

Usoskin, I.G., Korte, M., Kovaltsov, G.A., 2008. Role of
centennial geomagnetic changes in local atmospheric
ionization. Geophys Res Lett 35, L05811
https://doi.org/10.1029/2007GL033040

Stuiver, M., 1961. Variations in radiocarbon concentration
and sunspot activity. J Geophys Res 66, 273-276.
https://doi.org/10.1029/JZ066i001p00273

Peristykh, A.N., Damon, P.E. 2003. Persistence of the
Gleissberg 88-year solar cycle over the last ~12,000 years:
evidence from cosmogenic isotopes. J Geophys Res 108,
1003.

https://doi.org/10.1029/2002JA009390

Steinhilber, F., Abreu, J.A., Beer, J., McCracken, K.G., 2010.
Interplanetary magnetic field during the past 9300 years
inferred from cosmogenic radionuclides. J Geophys Res 115,
A01104.

https://doi.org/10.1029/2009JA014193




Ascendancy of Solar Variability on Terrestrial Climate

Journal of Basic & Applied Sciences, 2020, Volume 16 125

[56]

[57]

(58]

[59]

(60]

[61]

(62]

(63]

(64]

[65]

(66]

[67]

(68]

(69]

[70]

Weimer D.R., King J.H., 2008. Improved calculations of
interplanetary magnetic field phase front angles and
propagation time delays. Journal of Geophysical Research
113, A01105.

https://doi.org/10.1029/2007JA012452

Wik, M., Pirjola, R., Lundstedt, H., Viljanen, A., Wintoft, P.,
Pulkkinen, A., 2009. Space weather events in July 1982 and
October 2003 and the effects of geomagnetically induced
currents on Swedish technical systems. Ann. Geophys. 27,
1775-1787.

https://doi.org/10.5194/ange0-27-1775-2009

Singh, AK., Siingh, D., Singh, R.P., 2010. Space Weather:
Physics, Effects and Predictability. Surv. Geophys. 31, 581-
638.

https://doi.org/10.1007/s10712-010-9103-1

Hu, H., Liu, Y.D., Wang, R., Méstl, C., Yang, Z., 2016. Sun-
to-Earth characteristics of the 2012 July 12 coronal mass
ejection and associated geo-effectiveness. Astrophys. J. 829,
97-106.

https://doi.org/10.3847/0004-637X/829/2/97

Usoskin, I.G., 2017. A history of solar activity over millennia.
Living Rev Sol Phys 14, 03.
https://doi.org/10.1007/s41116-017-0006-9

Parker, E.N., 1958. Dynamics of the interplanetary gas and
magnetic field. Astrophys. J. 128, 664-676.
https://doi.org/10.1086/146579

Neugebauer, M., Goldstein, R., 1997. Particle and field
signatures of coronal mass ejections in the solar wind, in
Washington DC. American Geophysical Union Geophysical
Monograph Series 99, 245-251.
https://doi.org/10.1029/GM099p0245

Marsch, E., 2006. Solar wind responses to the solar activity
cycle. Adv. Space Res. 38, 921-930.
https://doi.org/10.1016/j.asr.2005.07.029

Milan, S.E., Clausen, L.B.N., Coxon, J.C., Carter, J.A,
Walach, M.T., et al., 2017. Overview of solar wind-
magnetosphere-ionosphere atmosphere coupling and the
generation of magnetospheric currents. Space Sci. Rev. 206,
547-573.

https://doi.org/10.1007/s11214-017-0333-0

McComas, D.J., Ebert, RW., Elliot, H.A., Goldstein, B.E.,
Gosling, J.T., Schwadron, N.A., Skoug J., 2008. Weaker
solar wind from the polar coronal holes and the whole Sun.
Geophys. Res. Lett. 35.

https://doi.org/10.1029/2008 GL034896

Cowley, S.W.H., 1991. The structure and length of tail-
associated phenomena in the solar wind downstream from
the Earth. Planetary and Space Science 39, 1039-1043
https://doi.org/10.1016/0032-0633(91)90110-V

Thayer, J.P., Semeter, J., 2004. The convergence of
magnetospheric energy flux in the polar atmosphere. J.
Atmos. Solar Terr. Phys. 66, 807.
https://doi.org/10.1016/j.jastp.2004.01.035

Fuller-Rowell, T., Codrescu, M., Maruyama, N., et al., 2007.
Observed and modeled thermosphere and ionosphere
response to superstorms. Radio science 42, RS4S90.
https://doi.org/10.1029/2005RS003392

Siingh, D, Singh, R.P., Singh, A.K., Kulkarni, M.N., Gautam,
A.S., Singh, A.K., 2011. Solar Activity, Lightning and Climate.
Surveys in Geophysics 32, 659-703.
https://doi.org/10.1007/s10712-011-9127-1

Veretenenko, S., Ogurtsov, M., 2020. Manifestation and
Possible Reasons of ~60-Year Climatic Cycle in Correlation
Links Between Solar Activity and Lower Atmosphere
Circulation. In: Yanovskaya T., Kosterov A., Bobrov N., Divin
A., Saraev A., Zolotova N. (eds) Problems of Geocosmos—
2018. Springer Proceedings in Earth and Environmental
Sciences. Springer, Cham
https://doi.org/10.1007/978-3-030-21788-4_30

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

Easterbrook, D.J., 2011. Geologicl evidence of recurring
climate cycles and their implications for the cause of global
climate change - the past is the key to the future. In:
Evidenced-based Climate Science (D.J. Easterbrook, Ed.), p.
3-51, Elsevier.
https://doi.org/10.1016/B978-0-12-385956-3.10001-4

Matuszko, D., 2014. Long-term variability in solar radiation in
Krakow based on measurements of sunshine duration. Int. J.
climatology. 34, 228-234.

https://doi.org/10.1002/joc.3681

Syrovatskii, S.l., 1966. Dynamic dissipation of magnetic
energy in the vicinity of a neutral magnetic field line. J. Exp.
Theor. Phys. 23, 754-762.

Forbes, T.G., 1991. Magnetic reconnection in solar flares.
Geophys. Astrophys. Fluid Dyn. 62, 15-36.
https://doi.org/10.1080/03091929108229123

Podgorny, A.l., Podgorny, .M., 2006. A model of a solar
flare: Comparisons with observations of high-energy
processes. Astron. Rep. 50, 842-850.
https://doi.org/10.1134/S106377290610009X

Aulanier, G., Torok, T., Demoulin, P., DelLuca, E.E., 2010.
Formation of torus-unstable flux ropes and electric currents in
erupting sigmoid. Astrophys. J. 708, 314-333.
https://doi.org/10.1088/0004-637X/708/1/314

Jiang, C., Wu, S.T., Yurchyshyn, V., et al., 2016. How did a
major confined flare occur in super solar active region
121927 Astrophys. J. 828, 62.
https://doi.org/10.3847/0004-637X/828/1/62

Maehara, H., Shibayama, T., Notsu, S., et al., 2012. Super
flares on solar-type stars. Nature. 485, 478-481.
https://doi.org/10.1038/nature11063

Podgorny, A.l, Podgorny, |.M., 2013. Magnetic field
distribution in the flare productive active region NOAA 10720.
J. Atmos. Sol. Terr. Phys. 92, 59-64.
https://doi.org/10.1016/j.jastp.2012.09.012

Zuccarello, F.P., Aulanier, G., Dudik, J., et al., 2017. Vortex
and sink flows in eruptive flares as a model for coronal
implosions. Astrophys. J. 837, 11
https://doi.org/10.3847/1538-4357/aa6110

Shibayama, T., Maehara, H., Notsu, S., et al., 2013.
Superflares on solar-type stars observed with Kepler. I.
Statistical properties of superflares. Astrophys. J. Suppl. 209,
05.

https://doi.org/10.1088/0067-0049/209/1/5

Marov, M.Y., Kuznetsov, V.D., 2014. Solar Flares and Impact
on Earth. In: Allahdadi F., Pelton J. (eds) Handbook of
Cosmic Hazards and Planetary Defense. Springer, Cham
https://doi.org/10.1007/978-3-319-02847-7_1-1

Gopalswamy, N., Lara, A., Lepping, R.P., Kaiser, M.L,,
Berdichevsky, D., St. Cyr, O.C., 2000. Interplanetary
acceleration of coronal mass ejections. Geophys. Res. Lett.
27, 145.

https://doi.org/10.1029/1999GL003639

Nagai, T., Fujimoto, M., Nakamura, R., Baumjohann, W.,
leda, A., Shinohara, |., Machida, S., Saito, Y., Mukai, T.,
2005. Solar wind control of the radial distance of the
magnetic reconnection site in the magnetotail. J. Geophys.
Res. Space Phys. 110, A09208.
https://doi.org/10.1029/2005JA011207

Hudson, H.S., Cliver, E.W., 2001. Observing coronal mass
ejections without coronagraphs. J. Geophys. Res. 106,
25199.

https://doi.org/10.1029/2000JA004026

Kaymaz, Z., Siscoe, G., 2006. Field-Line Draping Around
ICMES. Solar Phys. 239, 437-448.
https://doi.org/10.1007/s11207-006-0308-x

Vourlidas, A., Howard, R.A., Esfandiari, E., Patsourakos, S.,
Yashiro, S., Michalek, G., 2010. Comprehensive Analysis of




126 Journal of Basic & Applied Sciences, 2020, Volume 16

Singh and Bhargawa

(88]

(89]

[90]

[91]

[92]

(93]

[94]

(93]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

Coronal Mass Ejection Mass and Energy Properties Over a
Full Solar Cycle. Astrophys. J. 722, 1522—-1538.
https://doi.org/10.1088/0004-637X/722/2/1522

Webb, D.F., Howard, T.A., 2012. Coronal Mass Ejections:
Observations. Living Rev. Sol. Phys. 09, 03.
https://doi.org/10.12942/Irsp-2012-3

Richardson JD, Liu Y., Wang, C., Burlaga, L.F., 2006. ICMES
at very large distances. Adv. Space Res. 38, 528-534.
https://doi.org/10.1016/j.asr.2005.06.049

Aguilar-Rodriguez, E., Blanco-Cano, X., Gopalswamy, N.,
2006. Composition and magnetic structure of interplanetary
coronal mass ejections at 1 AU. Adv. Spa. Res. 36, 522.
https://doi.org/10.1016/j.asr.2005.01.051

Kilpua, E., Koskinen, H.E.J., Pulkkinen, T.l., 2017. Coronal
mass ejections and their sheath regions in interplanetary
space. Living Rev. Sol. Phys.14, 05.
https://doi.org/10.1007/s41116-017-0009-6

Engvold, O., 1980. Thermodynamic models and fine
structure of prominences. Solar Phys. 67, 351-355.
https://doi.org/10.1007/BF00149812

Feldman, U., 1992. Elemental abundances in the upper solar
atmosphere. Phys. Scripta 46, 202-220.
https://doi.org/10.1088/0031-8949/46/3/002

Jing, J., Lee, J., Spirock, T.J., Wang, H., 2006. Periodic
Motion Along Solar Filaments. Solar Phys. 236, 97-109.
https://doi.org/10.1007/s11207-006-0126-1

Joshi, A.D., Srivastava, N., Mathew, S.K., 2010. Automated
Detection of Filaments and Their Disappearance Using Full-
Disc Ha Images. Solar Phys. 262, 425-436.
https://doi.org/10.1007/s11207-010-9528-1

Culhane J.L., Harra, L.K., James, A.M. et al., 2007. The EUV
Imaging Spectrometer for Hinode. Solar Phys., 243, 19-61.

Li, L., Zhang, J., 2013. The Evolution of Barbs of a Polar
Crown Filament Observed by SDO. Solar Phys. 282, 147—
174.

https://doi.org/10.1007/s11207-012-0122-6

Gissot, S.F., Hochedez, J.F., Chainais, P., Antoine, J.P.,
2008. 3D Reconstruction from SECCHIEUVI Images Using
an Optical-Flow Algorithm: Method Description and
Observation of an Erupting Filament. Solar Phys. 252, 397-
408.

https://doi.org/10.1007/s11207-008-9270-0

Tsuneta, S., Ichimoto, K., Katsukawa, Y., et al., 2008. The
Solar Optical Telescope for the Hinode Mission: An
Overview. Solar Phys., 249, 167-196.
https://doi.org/10.1007/s11207-008-9174-z

Klein, K.L., Dalla, S., 2017. Acceleration and Propagation of
Solar Energetic Particles. Space Sci. Rev. 212, 1107-1136.
https://doi.org/10.1007/s11214-017-0382-4

Malandraki, O.E., Crosby, N.B., 2018. Solar Energetic
Particles and Space Weather: Science and Applications. In
Malandraki, O. E. and Crosby, N. B., editors, Solar Particle
Radiation Storms Forecasting and Analysis, volume 444,
pages 1-26.

https://doi.org/10.1007/978-3-319-60051-2_1

Cheng, X., Yang, J., Xiao, C., Hu, X, 2020. Density
Correction of NRLMSISE-00 in the Middle Atmosphere (20—
100 km) Based on TIMED/SABER Density Data. Atmosphere
11, 341.

https://doi.org/10.3390/atmos 11040341

Dresing, N., Gomez-Herrero, R., Klassen, A., Heber, B.,
Kartavykh, Y., Droge, W., 2012. The Large Longitudinal
Spread of Solar Energetic Particles during the 17 January
2010 Solar Event. Solar Phys. 281, 281-300.
https://doi.org/10.1007/s11207-012-0049-y

Desai, M., Giacalone, J., 2016. Large gradual solar energetic
particle events. Living Rev. Sol. Phys. 13, 03.
https://doi.org/10.1007/s41116-016-0002-5

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Guo, J., Dumbovi¢, M., Wimmer-Schweingruber, R.F., et al.,
2018. Modeling the Evolution and Propagation of 10
September 2017 CMEs and SEPs Arriving at Mars
Constrained by Remote Sensing and In Situ Measurement.
Space Weather 16, 1156-1169.
https://doi.org/10.1029/2018SW001973

Lee, C.O., Jakosky, B.M., Luhmann, J.G., Brain, D.A., Mays,
M.L., Hassler, D.M., Holmstrém, M., Larson, D.E., Mitchell,
D.L.,, Mazelle, C., Halekas, J.S., 2018. Observations and
Impacts of the 10 September 2017 Solar Events at Mars: An
Overview and Synthesis of the Initial Results. Geophys. Res.
Lett. 45, 8871-8885.

https://doi.org/10.1029/2018GL079162

Benz, A.O., 2017. Flare Observations. Living Rev. Sol. Phys.
14, 02.
https://doi.org/10.1007/s41116-016-0004-3

Kahler, S.W., 2001. The correlation between solar energetic
particle peak intensities and speeds of coronal mass
ejections: Effects of ambient particle intensities and energy
spectra. J. Geophys. Res. 106, 20947-20956.
https://doi.org/10.1029/2000JA002231

Rice, W.K.M., Zank, G.P., Li, G., 2003. Particle acceleration
and coronal mass ejection driven shocks: Shocks of arbitrary
strength. J. Geophys. Res. 108, 1369.
https://doi.org/10.1029/2002JA009756

Dalla, S., Balogh, A., Krucker, S., Posner, A., Miller-Mellin,
R., et al., 2003. Properties of high heliolatitude solar
energetic particle events and constraints on models of
acceleration and propagation. Geophys. Res. Lett. 30, 8035.
https://doi.org/10.1029/2003GL017139

Richardson IG., von Rosenvinge, T.T., Cane, H.V., Christian,
E.R., Cohen, C.M.S., et al., 2014. >25 MeV protonevents
observed by the High Energy Telescopes on the STEREO A
and B spacecraft and/orat Earth during the first seven years
of the STEREO mission. Sol. Phys. 289, 3059-3107.
https://doi.org/10.1007/s11207-014-0524-8

Wijsen, N., Aran, A., Pomoell, J., Poedts, S., 2019. Modelling
three dimensional transport of solar energetic protons in a
corotating interaction region generated with EUHFORIA.
Astron. Astrophys. 622, A28.
https://doi.org/10.1051/0004-6361/201833958

Klein, K.L., Trottet, G., Klassen, A., 2010. Energetic particle
acceleration and propagation in strong CME-less flares. Sol.
Phys. 263, 185-208.
https://doi.org/10.1007/s11207-010-9540-5

Mason, G.M., Nitta, N.V., Wiedenbeck, M.E., Innes, D.E.,
2016. Evidence for a common acceleration mechanism for
enrichments of 3He and heavy ions in impulsive SEP events.
Astrophys. J. 823.
https://doi.org/10.3847/0004-637X/823/2/138

Vainio, R., Desorgher, L., Heynderickx, D., Storini, M.,
Flickiger, E. et al., 2009. Dynamics of the Earth’s particle
radiation environment. Space Sci. Rev. 147,187-231.
https://doi.org/10.1007/s11214-009-9496-7

Trottet, G., Samwel, S., Klein, K.L., Dudok deWit, T., Miteva,
R., 2015. Statistical evidence for contributions of flares and
coronal mass ejections to major solar energetic particle
events. Sol. Phys. 290, 819-839.
https://doi.org/10.1007/s11207-014-0628-1

Nagai, T., Shinohara, I., Singer, H.J., Rodriguez, J., Onsager,
T.G.,, 2019. Proton and electron injection path at
geosynchronous altitude. Journal of Geophysical Research:
Space Physics 124, 4083—4103.
https://doi.org/10.1029/2018JA026281

Sato, T., Kataoka, R., Shiota, D., Kubo, Y., Ishii, M., et al.,
2019. Nowcast and forecast of galactic cosmic ray (GCR)
and solar energetic particle (SEP) fluxes in magnetosphere
and ionosphere — extension of WASAVIES to Earth orbit. J
Space Weather Space Clim 09, A9.
https://doi.org/10.1051/swsc/2019006




Ascendancy of Solar Variability on Terrestrial Climate

Journal of Basic & Applied Sciences, 2020, Volume 16 127

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Mekaoui, S., Dewitte, S., 2008. Total solar irradiance
measurement and modelling during cycle 23. Solar Phys.
247, 203-216.

https://doi.org/10.1007/s11207-007-9070-y

Willson, R.C., 2014. ACRIM3 and the Total Solar Irradiance
databases. Space Science 352, 341-352.
https://doi.org/10.1007/s10509-014-1961-4

Kopp, G., Lawrence, G., Rottman, G., 2005. The total
irradiance monitors (TIM): science results.Solar Phys. 230,
129-139.

https://doi.org/10.1007/s11207-005-7433-9

Yeo, K.L., Krivova, N.A., Solanki, S.K., Glassmeier, K.H.,
2014. Reconstruction of total and spectral solar irradiance
from 1974 to 2013 based on KPVT, SoHO/MDI, and
SDO/HMI observations. Astron. Astrophys. 570, 1-18.
https://doi.org/10.1051/0004-6361/201423628

Dudok de Wit, T.D., Kopp, G., Fréhlich, C., Scholl, M,. 2017.
Methodology to create a new total solar irradiance record:
making a composite out of multiple data records. Geophys.
Res. Lett. 44, 1196-1203.
https://doi.org/10.1002/2016GL071866

Ball WT, Haigh J.D., Rozanov, E.V., Kuchar, A., Sukhodolov,
T., Tummon, F., Shapiro, A. V., and Schmutz, W., 2016. High
solar cycle spectral variations inconsistent with stratospheric
ozone observations, Nat. Geosci., 9, 206-209.
https://doi.org/10.1038/nge02640

Meftah, M., Chevalier, A., Conscience, C., Nevens, S., 2016.
Total solar irradiance as measured by the SOVAP radiometer
onboard PICARD. J. Space Weather Space Clim. 6, 1-8.
https://doi.org/10.1051/swsc/2016027

Lockwood, M., 2005. Solar Outputs, Their Variations and
Their Effects on Earth. In: Ruedi I, Schmutz W., Gudel M.
(eds) The Sun, Solar Analogs and the Climate. Saas-Fee
Advanced Courses, vol 34. Springer, Berlin, Heidelberg.

Harvey, K. L., 1992. The Cyclic Behavior of Solar Activity.
The solar cycle; Proceedings of the National Solar
Observatory/Sacramento Peak 12th Summer Workshop,
ASP Conference Series (ASP: San Francisco), vol. 27, p.
335

Spruit, H., 2000. Theory of solar irradiance variations. Space
Science Reviews 94, 113-126.
https://doi.org/10.1007/978-94-010-0888-4_11

Trenberth, K.E., 2009. An imperative for climate change
planning: tracking Earth's global energy. Current Opinion in
Environmental Sustainability 01, 19-27
https://doi.org/10.1016/j.cosust.2009.06.001

Eddy, J.A., 2009. The Sun, the Earth, and near-Earth space,
U.S. Government Printing Office, Washington, DC.

Rottman, G.J., Floyd, L., Viereck, R., 2004. in J. Pap, C.
Fréhlich, H. Hudson, J. Kuhn, J. McCormack, G. North, W.
Sprig, and S. T. Wu (eds.), Solar Variability and Its Effects on
Climate, Geophysical Monograph Series, American
Geophysical Union, Washington, DC, 141, 111.
https://doi.org/10.1029/141GM10

Rottman, G., 2005. The SORCE Mission. In: Rottman G.,
Woods T., George V. (eds) The Solar Radiation and Climate
Experiment (SORCE). Springer, New York, NY
https://doi.org/10.1007/0-387-37625-9

Woods, T.N., Tobiska, W.K., Rottman, G.J., Worden, J.R,,
2000. Improved solar Lyman a irradiance modeling from
1947 through 1999 based on UARS observations. J.
Geophys. Res. 105, 27195.
https://doi.org/10.1029/2000JA000051

Woods, T.N., Eparvier, F.G., Bailey, S.M., Solomon, S.C.,
Rottman, G.J., Lawrence, G.M., et al,1998. TIMED solar
EUV experiment. SPIE Proc, 3442, 180.

DeLand, M.T., Cebula, R.P., Hilsenrath, E., 2004.
Observations of solar spectral irradiance change during cycle

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

22 from NOAA-9 Solar Backscattered Ultraviolet Model 2
(SBUV/2). J. Geophy. Res. 109, D6.
https://doi.org/10.1029/2003JD004074

DeLand, M.T., Cebula, R.P., 1993. Composite Mg Il solar
activity index for solar cycles 21 and 22. J. Geophys. Res.,
98, 12,809-12,823.

https://doi.org/10.1029/93JD00421

Viereck, R., Puga, L.C., 1999. The NOAA Mg Il core-to-wing
solar index: Construction of a 20-year time series of
chromospheric variability from multiple satellites. J. Geophys.
Res. 104, 9995- 10005.
https://doi.org/10.1029/1998JA900163

Dudok deWit, T., Kretzschmar, M., Lilensten, J., Woods, T.,
2009. Finding the best proxies for the solar UV irradiance. J.
Geophy. Res. 36, L10107.
https://doi.org/10.1029/2009GL037825

Brueckner, G.E., Edlow, K.L., Floyd, L.E., Lean, J.L.,
Vanhoosier, M.E., 1993. The solar ultraviolet spectral
irradiance monitors (SUSIM) experiment on board the Upper
Atmosphere Research Satellite (UARS). J. Geophys. Res.
98, 10 695-10 711.

https://doi.org/10.1029/93JD00410

Harder, J., Lawrence, G., Fontenla, J., Rottman, G., Woods,
T., 2005. The spectral irradiance monitor: Scientific
requirements, instrument design, and operation modes. Solar
Physics 230, 141-167.
https://doi.org/10.1007/s11207-005-5007-5

Egorova, T., Schmutz, W., Rozanov, E., Shapiro, A..,
Usoskin, ., Beer, J., Tagirov, R.V., Peter, T., 2018. Revised
historical solar irradiance forcing. Astron. Astrophy. 615, 1-
10.

https://doi.org/10.1051/0004-6361/201731199

Solanki, S.K., Krivova, N.A., Haigh, J.D,
irradiance variability and climate. Annu.
Astrophys. 51, 311-351.

https://doi.org/10.1146/annurev-astro-082812-141007

Owens, M.J., Lockwood, M., Hawkins, E., Usoskin, I.G.,
Jones, G.S., Barnard, L.A., Schurer, A., Fasullo, J., 2017.
The Maunder minimum and the Little Ice Age: an update
from recent reconstructions and climate simulations. J.
Space Weather Space Clim. 7, A33.
https://doi.org/10.1051/swsc/2017034

Shapiro, A.l, Schmutz, W., Rozanov, E., Schoel,l M.,
Haberreiter, M., Shapiro, A.V., Nyeki, S., 2011. A new
approach to the long-term reconstruction of the solar
irradiance leads to large historical solar forcing. Astron.
Astrophys. 529, 1-8.
https://doi.org/10.1051/0004-6361/201016173

Lockwood, M., Ball, W.T., 2020. Placing limits on long-term
variations in quiet-Sun irradiance and their contribution to
total solar irradiance and solar radiative forcing of climate.
Proc. R. Soc. A 476, 20200077 .
https://doi.org/10.1098/rspa.2020.0077

Christoforou, P., Hameed, S., 1997. Solar cycle and the
Pacific’centres of action. Geophysical Research Letters 24,
293-296.

https://doi.org/10.1029/97GL00017

van Loon, H., Meehl, G.A, 2014. Interactions between
externally forced climate signals from sunspot peaks and the
internally generated Pacific Decadal and North Atlantic
Oscillations. Geophysical Research Letters 41, 161-166.
https://doi.org/10.1002/2013GL058670

Barriopedro, D., Garcia-Herrera, R., Huth, R., 2008. Solar
modulation of Northern Hemisphere winter blocking. Journal
of Geophysical Research, 113, D14118.
https://doi.org/10.1029/2008JD009789

Marchand, M. et al., 2012. Dynamical amplification of the
stratospheric solar response simulated with the Chemistry-

2013. Solar
Rev. Astron.




128 Journal of Basic & Applied Sciences, 2020, Volume 16

Singh and Bhargawa

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

Climate Model LMDz-Reprobus. Journal of Atmospheric and
Solar-Terrestrial Physics, 75, 147-160.
https://doi.org/10.1016/j.jastp.2011.11.008

Solanki, S.K., 2002. Solar variability and climate change: is
there a link?, Astronomy & Geophysics 43, 5.9-5.13.
https://doi.org/10.1046/j.1468-4004.2002.43509.x

Vazquez, D., Tovar-Pescador, J., Gamiz-Fortis, S.R.,
Esteban-Parra, M.J., Castro-Diez, Y., 2004. NAO and solar
radiation variability in the European North Atlantic region.
Geophy. Res. Lett. 31, L05201
https://doi.org/10.1029/2003GL018502

Ney, E. P. 1959. Cosmic Radiation and the Weather. Nature
183, 451-452.
https://doi.org/10.1038/183451a0

Calogovic, J., Albert, C., Arnold, F., Beer, J., Desorgher, L.,
Flueckiger, E.O., 2010. Sudden cosmic ray decreases: No
change of global cloud cover. Geophysical Research Letters,
37, L03802.

https://doi.org/10.1029/2009GL041327

Schurer, A.P., Tett, S.F.B., Hegerl, G.C., 2014. Small
influence of solar variability on climate over the past
millennium. Nature Geoscience, 7, 104-108.
https://doi.org/10.1038/nge02040

Lockwood, M., Rouillard A.P., Finch 1.D., 2009. Flux during
the current grand solar maximum. The Astrophysical Journal
700, 937-944.

https://doi.org/10.1088/0004-637X/700/2/937

Scafetta, N., 2011. Total solar irradiance satellite composites
and their phenomenological effect on climate, in Evidence-
Based Climate Science, D. Easterbrook, Ed., vol. 12, pp.
289-316, Elsevier, Amsterdam, Netherlands.
https://doi.org/10.1016/B978-0-12-385956-3.10012-9

Dewitte, S., Nevens, S., 2016, the total solar irradiance
climate data record. Astrophy. J. 830, 25.
https://doi.org/10.3847/0004-637X/830/1/25

Hickey, J.R., Stowe, L.L., Jacobowitz, H., Pellegrino, P.,
Maschhoff, R.H., House, F., Vonder Haar, T.H., 1980. Initial
Solar Irradiance Determinations from NIMBUS-7 Cavity
Radiometer Measurements. Science 208, 281-283.
https://doi.org/10.1126/science.208.4441.281

Kopp, G., Lean, J.L., 2011. A new, lower value of total solar
irradiance: Evidence and climate significance. Geophy. Res.
Lett. 38, LO1706.

https://doi.org/10.1029/2010GL045777

Willson R.C., Mordvinov A.V., 2003. Secular total solar
irradiance trend during solar cycles 21-23. Geophys. Res.
Lett. 30, 03.

https://doi.org/10.1029/2002GL016038

Dewitte, S., Crommelynck, D., Mekaoui, S., Joukoff, A,
2004. Measurement and Uncertainty of the Long-Term Total
Solar Irradiance Trend. Sol. Phys. 224, 209-216.
https://doi.org/10.1007/s11207-005-5698-7

Ortiz, J.M., Kracht, W., Pamparana, G., et al., 2020.
Optimization of a SAG Mill Energy System: Integrating Rock
Hardness, Solar Irradiation, Climate Change, and Demand-
Side Management. Math Geosci 52, 355-379
https://doi.org/10.1007/s11004-019-09816-6

Lean, J.L., Beer, J., Bradley, R., 1995. Reconstruction of
solar irradiance since 1610: implications for climatic change.
Geophys Res Lett. 22, 3195-3198
https://doi.org/10.1029/95GL03093

Easterbrook, D.J., 2016. Cause of global climate changes.
In: Evidence-based climate science. 2nd ed. Elsevier Inc.;
pp. 245-262
https://doi.org/10.1016/B978-0-12-804588-6.00014-8

Shindell, D.T., Schmidt, G.A., Mann, M.E., et al., 2001. Solar
forcing of regional climate change during the Maunder
minimum. Science 294, 2149

https://doi.org/10.1126/science. 1064363

[166]

[167]

[168]

[169]

[170]

171]

172]

73]

[174]

[175]

[176]

177]

[178]

[179]

[180]

Crook J., Forster P., 2011. A balance between radiative
forcing and climate feedback in the modelled 20th century
temperature response. J. Geophys. Res. Atmos. 116,
D17108.

https://doi.org/10.1029/2011JD015924

Clette, F., Svalgaard, L., Vaquero, J.M., Cliver, E.W., 2014.
Revisiting the Sunspot Number. Space Science Reviews,
186, 35-103.

https://doi.org/10.1007/s11214-014-0074-2

Church, J.A., Gregory, J.M., Huybrechts, P., Kuhn, M.,
Lambeck, K., Nhuan, M.T., Qin, D., Woodworth P.L., 2001.
Climate Change 2001: The Scientific Basis: Contribution of
Working Group | to the Third Assessment Report of the
Intergovernmental Panel.

Zhang, X., Vincen,t L.A.,, Hogg, W.D., Niitsoo, A., 2000.
Temperature and precipitation trends in Canada during the
20th century. Atmospheric Ocean. 38, 395-429.
https://doi.org/10.1080/07055900.2000.9649654

Haigh, J., Winning, A., Toumi, R. et al., 2010. An influence of
solar spectral variations on radiative forcing of climate.
Nature 467, 696—699.

https://doi.org/10.1038/nature09426

Ball, W.T., Schmutz, W., Fehimann, A., Finsterle, W., Walter,
B., 2016. Assessing the beginning to end-of-mission
sensitivity change of the PREcision MOnitor Sensor total
solar irradiance radiometer (PREMOS/PICARD). J. Space
Weather Space Clim. 6, A32.
https://doi.org/10.1051/swsc/2016026

Willson, R.C., 2014. ACRIM3 and the total solar irradiance
databases. Astrophys. Space Sci. 352, 341-352.
https://doi.org/10.1007/s10509-014-1961-4

Bond, G., Kromer, B., Beer, J., et al., 2001. Persistent solar
influence on north Atlantic climate during the Holocene.
Science 294, 2130-2136.

https://doi.org/10.1126/science. 1065680

Dewitte, S., Nevens, S., 2016. The total solar irradiance
climate data record. The Astrophysical Journal 830, 25.
https://doi.org/10.3847/0004-637X/830/1/25

Soon, W., Legates, D.R., 2013. Solar irradiance modulation
of Equator to Pole (Arctic) temperature gradients: empirical
evidence for climate variation on multi-decadal time scales.
Journal of Atmospheric and Solar-Terrestrial Physics 93, 45-
56.

https://doi.org/10.1016/j.jastp.2012.11.015

Loehle, C., Scafetta, N., 2011. Climate change attribution

using empirical decomposition of climatic data. Open
Atmospheric Science Journal 5, 74-86.
https://doi.org/10.2174/1874282301105010074

Coddington, O., Lean, J.L., Pilewskie, P., Snow, M.,

Lindholm, D., 2016. A solar irradiance climate data record.
Bulletin of the American Meteorological Society, 97, 1265—
1282.

https://doi.org/10.1175/BAMS-D-14-00265.1

Bates, J.J., Privette, J.L., Kearns, E.J., Glance, W., Zhao,
X.P., 2016. Sustained production of multidecadal climate
records: Lessons from the NOAA Climate Data Record
Program. Bulletin of the American Meteorological Society 97,
1573—1581.

https://doi.org/10.1175/BAMS-D-15-00015.1

Krivova, N.A., Solanki, S.K., Fligge, M., Unruh, Y.C., 2003.
Reconstruction of solar irradiance variations in cycle 23: Is
solar surface magnetism the cause. Astron. Astrophy. 399,
L1-L4.

https://doi.org/10.1051/0004-6361:20030029

Wenzler, T., Solanki, S.K., Krivova, N.A., Fréhlich, C., 2006.
Reconstruction of solar irradiance variations in cycles 21-23
based on surface magnetic fields. Astron. Astrophy. 460,
583-595.

https://doi.org/10.1051/0004-6361:20065752




Ascendancy of Solar Variability on Terrestrial Climate

Journal of Basic & Applied Sciences, 2020, Volume 16 129

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

(193]

[194]

[195]

[196]

Ermolli, 1., Matthes, K., Dudok de Wit, T., Krivova, N.A.,
Tourpali, K., et al., 2013. Recent variability of the solar
spectral irradiance and its impact on climate modelling.
Atmospheric Chemistry and Physics 13, 3945- 3977.
https://doi.org/10.5194/acp-13-3945-2013

Gueymard, C.A., Myers, D., Emery, K., 2002. Proposed
reference irradiance spectra for solar energy systems testing.
Solar Energy 73, 443-467.
https://doi.org/10.1016/S0038-092X(03)00005-7

Krivova, N.A., Solanki, S.K., 2005. Reconstruction of solar
UV irradiance. Advances in Space Research 35, 361-364.
https://doi.org/10.1016/j.asr.2004.12.027

DelLand, M., Marchenko, S., 2013. The solar chromospheric
Ca and Mg indices from Aura OMI. Journal of Geophysical
Research 118, 3415-3423.

https://doi.org/10.1002/jgrd.50310

Haigh, J.D., 1994. The role of stratospheric ozone in
modulating the solar radiative forcing of climate. Nature 370,
544-546.

https://doi.org/10.1038/370544a0

Gray, L.J., Rumbold, S.T., Shine, K.P., 2009. Stratospheric
temperature and radiative forcing response to 11-year solar
cycle changes in irradiance and ozone. J. Atmos. Sci. 66,
2402-2417

https://doi.org/10.1175/2009JAS2866.1

Wenzler, T., Solanki, S.K., Krivova, N.A., Fluri, D.M., 2004.
Comparison  between KPVT/SPM and SoHO/MDI
magnetograms with an application to solar irradiance
reconstructions. Astron. Astrophy. 427, 1031-1043.
https://doi.org/10.1051/0004-6361:20041313

Wenzler, T., Solanki, S.K., Krivova, N.A., 2005. Can surface
magnetic fields reproduce solar irradiance variations in
cycles 22 and 23. Astron. Astrophy. 432, 1057-1061.
https://doi.org/10.1051/0004-6361:20041956

Mitchell, D.M., Misios, S., Gray, J.L., et al., 2015. Solar
signals in CMIP-5 simulations: the stratospheric pathway. Q.
J. R. Meteorol. Soc. 141, 2390-2403.
https://doi.org/10.1002/qj.2530

Hood, L.L., Misios, S., Mitchell, D.M., et al., 2015. Solar
signals in CMIP-5 simulations: the ozone response. Q. J. R.
Meteorol. Soc. 141, 2670-2689.
https://doi.org/10.1002/qj.2553

Maycock, A., Matthes, K., Tegtmeier, S., Schmidt, H.,
Thiéblemont, R., Hood, L., et al., 2018. The representation of
solar cycle signals in stratospheric ozone - Part 2: Analysis of
global models. Atmospheric Chemistry and Physics, 18,
11323-11343.

https://doi.org/10.5194/acp-18-11323-2018

Bernhard, G., Evans, R.D., Labow, G.J., Oltmans, S.J., 2005.
Bias in Dobson total ozone measurements at high latitudes
due to approximations in calculations of ozone absorption
coefficients and air mass. J. Geophys. Res. Atmos. 110,
D10305.

https://doi.org/10.1029/2004JD005559

Dameris, M., 2010. Climate Change and Atmospheric
Chemistry: How Will the Stratospheric Ozone Layer Develop.
Angewandte Chemie International Edition 49, 8092-8102.
https://doi.org/10.1002/anie.201001643

Bais, F., Luca, R.M., et al., 2018. Environmental effects of
ozone depletion, UV radiation and interactions with climate
change: UNEP Environmental Effects Assessment Panel.
Photochem. Photobiol. Sci. 17, 127-179.

Hood, L.L., 2003. Thermal response of the tropical
tropopause region to solar ultraviolet variations. Geophys.
Res. Lett. 30, 2215.

https://doi.org/10.1029/2003GL018364

Ball, W.T., Rozanov, E., Alsing, J.A., Marsh, D.R., Tummon,
F., Mortlock, D.J., et al., 2019. The upper stratospheric solar

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

cycle ozone response. Geophysical Research Letters, 46,
1831-1841.
https://doi.org/10.1029/2018GL081501

Andersson, M. E., Verronen, P. T., Marsh, D. R, et al., 2018.
Polarozone response to energetic particle precipitation over
decadal timescales: The role of medium-energy electrons. J.
Geophy. Res., 123, 607-622.
https://doi.org/10.1002/2017JD027605

Bhargawa, A., Yakub, M., Singh, A.K., 2019. Repercussions
of solar high energy protons on ozone layer during super
storms.Research Astronomy Astrophysics19, 02-10.
https://doi.org/10.1088/1674-4527/19/1/2

Egorova, T., Rozanov, E., Manzini, E., Haberreiter, M.,
Schmutz, W., Zubov, V., Peter, T. 2004. Chemical and
dynamical response to the 11-year variability of the solar
irradiance simulated with a chemistry-climate model.
Geophys. Res. Lett., 31, L06119.
https://doi.org/10.1029/2003GL019294

Jackman, C.H., Fleming, E.L., Chandra, S., Considine, D.B.,
Rosenfield, J.E., 1996. Past, present and future modeled
ozone trends with comparisons to observed trends. Journal
of Geophysical Research 101, 28753-28767.
https://doi.org/10.1029/96JD03088

Geller, M.A., Smyshlyaev, S.P., 2002. A model study of total
ozone evolution 1979-2000: The role of individual natural and
anthropogenic effects. Geophys. Res. Lett. 29, 2048.
https://doi.org/10.1029/2002GL0 15689

Baldwin, M.P., Dunkerton, T.J., 1999. Propagation of the
Arctic Oscillation from the stratosphere to the troposphere.
Journal of Geophysical Research 104, 30937.
https://doi.org/10.1029/1999JD900445

Kodera, K., 2002. Solar cycle modulation of the North
Atlantic Oscillation: Implication in the spatial structure of the
NAO. Geophysical Research Letters 29. DOIl: 10.1029/
2001GL014557.

Ruzmaikin, A., Feynman, J., 2002. Solar influence on a major
mode of atmospheric variability. Geophysical Research
Letters 107, D14.

https://doi.org/10.1029/2001JD001239

Dickinson, R.E., 1975. Solar variability and the
atmosphere. Bull. Am. Meteorol. Soc. 56, 1240-1248.
https://doi.org/10.1175/1520-
0477(1975)056<1240:SVATLA>2.0.CO;2

Svensmark, H., 1998. Influence of cosmic rays on Earth's
climate. Physical Review 81, 5027—- 5030.
https://doi.org/10.1103/PhysRevLett.81.5027

Tinsley, B.A., 2000. Influence of solar wind on the global
electric circuit, and inferred effects on cloud microphysics,
temperature, and dynamics in the troposphere. Space Sci.
Rev. 94, 231-258.
https://doi.org/10.1007/978-94-010-0888-4_22

Overholt, A.C., Melott, A.L., Pohl, M., 2009. Testing the link
between terrestrial climate change and galactic spiral arm
transit. The Astronomical Journal 705, L101- L103.
https://doi.org/10.1088/0004-637X/705/2/L101

Pierce, J. R., 2017. Cosmic rays, aerosols, clouds, and
climate: Recent findings from the CLOUD experiment, J.
Geophys. Res. Atmos., 122, 8051-8055.
https://doi.org/10.1002/2017JD027475

Rahmstorf, S., Archer, D., Ebel, D.S., Eugster, O., Jouzel, J.,
Maraun, D., Neu, U., Schmidt, G., Severinghaus, J., Weaver,
AJ., Zachos, J., 2004. Cosmic rays, carbon dioxide, and
climate. Eos 85, 1739- 1746.

https://doi.org/10.1029/2004EO0 040002

Kirkby, J., 2007. Cosmic rays and climate. Surveys in
Geophysics 28, 333-375.
https://doi.org/10.1007/s10712-008-9030-6

lower




130 Journal of Basic & Applied Sciences, 2020, Volume 16

Singh and Bhargawa

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

Erlykin, A.D., Wolfendale, A.W., 2011. Cosmic ray effects on
cloud cover and their relevance to climate change. Journal of
Atmospheric and Solar-Terrestrial Physics 73, 1681-1686.
https://doi.org/10.1016/j.jastp.2011.03.001

Alexeev, V.A., 2016. Long-term galactic cosmic ray
variations over the last billion years based on the cosmic-ray
exposure of iron meteorites. Geochemistry International 54,
78— 84.

https://doi.org/10.1134/S001670291601002X

Zhang, L., Tinsley, B., Zhou, L., 2020. Low Latitude Lightning
Activity Responses to Cosmic Ray Forbush
Decreases.Geophy. Res. Lett. 2020, 47, €2020GL087024.
https://doi.org/10.1029/2020GL087024

Zhou, C., Zelinka, M.D., Dessler, A.E., Klein, S.A,, 2015. The
relationship between interannual and long-term cloud
feedbacks. Geophys. Res. Lett. 42, 10463—-10469.
https://doi.org/10.1002/2015GL066698

Brown, P.T., Li, W., Li, L., Ming, Y., 2014. Top-of-atmosphere
radiative contribution to unforced decadal global temperature
variability in climate models. Geophys. Res. Lett. 41, 5175-
5183.

https://doi.org/10.1002/2014GL060625

Takahashi, C., Watanabe, M., 2016. Pacific trade winds
accelerated by aerosol forcing over the past two decades.
Nat. Clim. Change 6, 768-772.
https://doi.org/10.1038/nclimate2996

Pyrgou, A., (2019) Santamouris, M.; Livada, |
Spatiotemporal Analysis of Diurnal Temperature Range:
Effect of Urbanization, Cloud Cover, Solar Radiation, and
Precipitation. Climate 07, 89.
https://doi.org/10.3390/cli7070089

Svensmark. H., 2019. The Sun’s Role in Climate Change.
The Global Warming Policy Foundation Report 33. ISBN
978-0-9931190-9-5

Singh, AK., Bhargawa, A., 2020, Delineation of possible
influence of solar variability and galactic cosmic rays on
terrestrial climate parameters. Advan. Space Res. 65, 1831-
1842.

https://doi.org/10.1016/j.asr.2020.01.006

Abreu, J.A., Beer, J., Steinhilber, F., Tobias, S.M., Weiss,
N.O., 2008. For how long will the current grand maximum of
solar activity persist? Geophy. Res. Lett. 35, L20109
https://doi.org/10.1029/2008GL035442

Roth, R., Joos, F., 2013. A reconstruction of radiocarbon
production and total solar irradiance from the Holocene " “C
and CO, records: implications of data and model
uncertainties. Climate of the past 9, 1879-1909
https://doi.org/10.5194/cp-9-1879-2013

Zolotova, N.V., Ponyavin, D.l., 2014. Is the new Grand
minimum in progress? J. Geophy. Res. 119, 3281-3285.
https://doi.org/10.1002/2013JA019751

Singh A.K., Bhargawa, A., 2017. An early prediction of 25th
solar cycle using Hurst exponent. Astrophys. Space Sci.
362:199.

https://doi.org/10.1007/s10509-017-3180-2

Kirtman, B., Power, S.B., Adedoyin, A.J., Boer, G.J., et al.,
2013. Chapter 11 - Near-term climate change: Projections

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

and predictability. In: Climate Change 2013: The Physical
Science Basis. IPCC Working Group | Contribution to ARS5.
Eds. IPCC, Cambridge: Cambridge University Press.

Myhre, G., et al., 2013. Radiative forcing of the direct aerosol
effect from AeroCom Phase Il simulations. Atmos. Chem.
Phys. 13, 1853-1877.

Ineson, S., Maycock, A.C., Gray, L.J., Scaife, AAA.,
Dunstone, N.J., Harder, J.W., Knight, J.R., Lockwood, M.,
Manners, J.C., Wood, R.A., 2015. Regional climate impacts
of a possible future grand solar minimum. Nature
Communications, 6, 7535.
https://doi.org/10.1038/ncomms8535

Maycock, A.C., et al., 2015. Possible impacts of a future
Grand Solar Minimum on climate: stratospheric and global
circulation changes. J. Geophys. Res. Atmos.120, 9043-
9058.

https://doi.org/10.1002/2014JD022022

Schrijver, C.J., Livingston, W.C., Woods, T.N., Mewaldt,
R.A., 2011. The minimal solar activity in 2008-2009 and its
implications for long-term climate modelling. Geophys. Res.
Lett. 38, LO6701

https://doi.org/10.1029/2011GL046658

Schatten, K.H., Tobiska, W.K., 2003. Solar activity heading
for a Maunder minimum. Bull. Am. Astron. Soc. 35, 817.

Hathaway, D.H., Wilson, R.M., 2004. What the sunspot
record tells us about space climate. Solar Phys. 224, 5-19.
https://doi.org/10.1007/s11207-005-3996-8

Du, Z., Du, S., 2006. The relationship between the amplitude
and descending time of a solar activity cycle. Sol. Phys. 238,
431-437.

https://doi.org/10.1007/s11207-006-0175-5

Clilverd, M.A., Clarke, E., Ulich, T., Rishbeth, H., Jarvis, M.J.,
2006. Predicting Solar Cycle 24 and beyond, Space Weather
4, S09005.

https://doi.org/10.1029/2005SW000207

Quassim, M., Attia, A.F., Elminir, H., 2007. Forecasting the
peak amplitude of the 24th and 25th sunspot cycles and
accompanying geomagnetic activity Sol. Phys. 243, 253-
258.

https://doi.org/10.1007/s11207-007-0447-8

Pishkalo, M.1., 2008. Preliminary prediction of solar cycles 24
and 25 based on the correlation between cycle parameters.
Kinemat. Phys. Celest. Bodies 24, 242-247.
https://doi.org/10.3103/S0884591308050036

Anet, J. G., et al., 2013. Impact of a potential 21st century
“grand solar minimum” on surface temperatures and
stratospheric ozone, Geophys. Res. Lett., 40, 4420-4425.
https://doi.org/10.1002/grl.50806

Meehl, G.A., Arblaster J.M., Marsh D.R., 2013. Could a
future “Grand Solar Minimum” like the Maunder Minimum
stop global warming?, Geophys. Res. Lett., 40, 1789-1793.
https://doi.org/10.1002/grl.50361

Zharkova, V., 2020. Modern Grand Solar Minimum will lead
to terrestrial cooling, Temperature.
https://doi.org/10.1080/23328940.2020.1796243

IPCC (2001) Technical Summary of the Working Group |
Report, Intergovernmental Panel on Climate Change.

Received on 02-10-2020

https://doi.org/10.29169/1927-5129.2020.16.14

© 2020 Singh and Bhargawa; Licensee SET Publisher.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in

any medium, provided the work is properly cited.

Accepted on 16-11-2020

Published on 10-12-2020



