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Abstract

There has been global attention focused on extreme climatic changes. The purpose of this paper
is to explore the response of extreme precipitation events to solar activity, over Kerala, India.
The three solar indices—sunspot number, F10.7 index, and cosmic ray intensity—are examined,
and their relationship to rainfall is examined during a 57-year period (1965–2021), starting with
Solar Cycle 20. Both solar and rainfall data are considered on an annual scale as well as on a
seasonal scale by dividing them into winter, pre-monsoon, monsoon, and post-monsoon seasons.
The solar indices are used to calculate correlation coefficients with seasonal rainfall. Through
correlation analysis, it is found that the precipitation in Kerala is correlated with the sunspot
activity, but with different significance. When solar activity is high, the winter and monsoon
seasons exhibit strong correlations with high significance. The solar influence at the regional
level is also studied. The central and southern parts of Kerala appear to be influenced by the Sun
during periods of high activity. The years with excess and deficiency of rainfall are calculated
and compared with the solar indices. It was observed that the years with excessive and insuf-
ficient rainfall coincide with the years when the solar activity is at its highest or minimum. It
is suggested that there is a physical link and a way to predict extreme rainfall events in Kerala
based on the association between solar activity and those events.
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1. Introduction

Global climate change poses a hazard to human existence. A significant influence on weather
and climate is exerted by the sun and anthropogenic factors. The Sun’s magnetic fields exhibit
a wide range of spatial, temporal, and energetic phenomena. Sunspots, solar flares, solar wind,
coronal mass ejections, etc. are all expressions of magnetic activity in the Sun, collectively
known as solar activity (Usoskin, 2017). Sunspot number, solar radio flux, and cosmic rays are
some of the widely used solar indices used to quantify solar activity. Sunspot number quantifies
sunspots and is widely used because of its long-term availability. Sunspot number is highly
correlated with other solar indices (Hathaway, 2015; Tiwari and Kumar, 2018). A measure of
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solar radio flux at 10.7 cm is called the F10.7 index, which originates deep in the corona and high
in the chromosphere (Tapping and Charrois, 1994; Tapping, 2013). Cosmic rays are high-energy
particles that travel to the Earth from outside the solar system. Cosmic rays have been found to
have a negative correlation with the number of sunspots (Gupta et al., 2006).

There has long been concern about how the sun affects precipitation on Earth. Precipitation
in different parts of the world appears to be affected by the sun at different time intervals. The
effect of solar activity on precipitation varies with time scale and region, leading to different
correlations (Tsiropoula, 2003; Zhao et al., 2004; Wasko and Sharma, 2009; Mauas et al., 2011;
Rampelotto et al., 2012). Recently, few studies have been conducted on the relationship between
solar and precipitation in China (Zhai, 2017; Yu et al., 2019; Song et al., 2022), the United States
(Nitka and Burnecki, 2019), Europe (Laurenz et al., 2019), Argentina (Heredia et al., 2019),
Nepal (Tiwari et al., 2021), and Northeast Asia (Song et al., 2022).

The economy, agriculture, and ecosystem in India could be seriously impacted by chang-
ing rainfall patterns (Doranalu Chandrashekar et al., 2017). Many researchers have looked into
the potential of a connection between solar activity and rainfall throughout India or in various
regions (Jagannathan and Bhalme, 1973; Ananthakrishnan and Parthasarathy, 1984; Hiremath
and Mandi, 2004; Bhattacharyya and Narasimha, 2005; Agnihotri et al., 2011; Badruddin and
Aslam, 2015; Warrier et al., 2017; Thomas and Abraham, 2022b). The direct and indirect ef-
fects were studied and the results were often localised and contradict other authors (Jagannathan
and Parthasarathy, 1973; Bhalme et al., 1981; Hiremath, 2006; Bhattacharyya and Narasimha,
2007; Lihua et al., 2007; Selvaraj et al., 2009a; Selvaraj and Aditya, 2011; Selvaraj et al., 2013;
Hiremath et al., 2015; Malik and Brönnimann, 2018; Thomas et al., 2023).

Kerala is located at the southwest tip of India, bounded on the east by the Western Ghats and
the west by the Arabian Sea. It extends between 8◦15′ and 12◦50′ north latitudes and between
74◦50′ and 77◦30′ east longitudes. It shares boundaries with Karnataka in the north, Tamil Nadu
in the east, and the Arabian Sea in the west. Kerala has a wet and tropical climate and the
major contribution is from the southwest monsoon and post-monsoon. The diverse features of
Kerala make it more susceptible to climate change. It is known as the ”Gateway of summer
monsoon”. Studies of long-term rainfall variability revealed that rainfall during the southwest
monsoon significantly reduced while rainfall during the post-monsoon rose (Krishnakumar et al.,
2009; Kothawale and Rajeevan, 2017). Recently, few studies have reported the influence of
sunspot number with the rainfall over Kerala (Thomas and Abraham, 2022a,b; Thomas et al.,
2023). The location map of Kerala is given in Figure 1.

In Kerala, recent extreme rainfall events have resulted in landslides or floods that have
claimed lives and destroyed property. In India, several studies have linked solar activity to ex-
treme weather events (see for e.g. Bhalme and Mooley (1981); Azad (2011)). Therefore, it will
be interesting to look at extreme rainfall over the Kerala region with various solar parameters.

Observing rainfall’s response to different solar parameters might reveal subtle differences.
In this paper, the influence of different solar parameters, ie, sunspot number, F10.7 Index and
cosmic ray intensity, on extreme precipitation over Kerala is evaluated using correlative studies.
Section 2.1 discusses the data and methodology of analysis. Section 3 presents the results and
discussion about the correlation and variation of different solar parameters with rainfall over
Kerala. It also includes results regarding the occurrences of extreme rainfall events. Section 4
presents the conclusions.
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Figure 1: Location map of Kerala

2. Data and methodology of analysis

2.1. Datasets
We have used 57 years (1965–2021) of data on rainfall in Kerala as well as solar indices

(sunspot number, F10,7 Index, and cosmic ray intensity). This covers the time starting with Solar
Cycle 20. The sunspot number data was taken from the World Data Center SILSO, Royal Obser-
vatory of Belgium, Brussels. The F10.7 Index, solar flux data (in sfu, 1 sfu = 10−22Wm−2Hz−1)
was obtained from LASP Interactive Solar Irradiance Data Center. The Oulu Cosmic Ray station
provided data on cosmic ray intensity (measured in counts/min). Rainfall (in mm) over Kerala
was obtained from the India Meteorological Department’s (IMD) daily gridded rainfall dataset
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Figure 2: Location of Grid points

of high spatial resolution (0.25◦ × 0.25◦) (Pai et al., 2014). In this study, 59 grid locations from
across the districts in Kerala were taken into consideration, as shown in Figure 2.

India Meteorological Department (IMD) classifies the rainfall seasons of India as Winter
(January-February), pre-monsoon (March-May), monsoon (June-September), and post-monsoon
(October-December) (Hiremath and Mandi, 2004; Hiremath, 2006; Bankoti et al., 2011). In this
study, the rainfall and the different solar indices were grouped into these four seasons, and the
corresponding values for sunspot number are given as SSN, F10.7 Index is given as F10.7 (sfu),
cosmic ray intensity is given as CRI (count/min), and rainfall is given as RF (mm). Figure 3,
Figure 4, Figure 5 and Figure 6 show the time series of SSN, F10.7, CRI, and RF corresponding
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(a) (b)

(c) (d)

Figure 3: Time series of (a) sunspot number (SSN) (b) F10.7 Index (F10.7) (c) Cosmic ray intensity (CRI) and (d) rainfall
(RF), corresponding to JF season.

to the JF, MAM, JJAS and OND seasons respectively.

2.2. Methodology of analysis

To understand the response of precipitation over Kerala with the solar indices (SSN, F10.7,
and CRI), correlation coefficients were calculated. Here, the period of high solar activity, ie,
Solar Cycle 21 (1977-1986) was taken into consideration and the rainfall and solar indices data
were grouped accordingly. Correlation coefficients are usually computed to check whether any
relationship exists between the two data sets and how strong the relationship is. Here, Spear-
man Rank-Order correlation coefficients and their significance were calculated to determine the
relationship between different solar activity indices (SSN, F10.7, and CRI) and rainfall RF data.
This method of correlation is more powerful than linear correlation (Hiremath and Mandi, 2004;
Hiremath, 2006; Bankoti et al., 2011). The correlation coefficients corresponding to the 59 grid
points were determined and the results were represented as correlation maps.

The years of excess and deficit rainfall over Kerala were identified to study the relationship
between extreme rainfall events and solar activity. For that, the mean (µ) and standard deviation
(σ) of rainfall RF, during both the seasons (JF and JJAS), were determined. A year i was labelled

5



(a) (b)

(c) (d)

Figure 4: Time series of (a) sunspot number (SSN) (b) F10.7 Index (F10.7) (c) Cosmic ray intensity (CRI) and (d) rainfall
(RF), corresponding to MAM season.

as extreme rainfall year when Ri ≥ (µ + σ) and a year labelled as deficient rainfall year when
Ri ≤ (µ + σ), where Ri is the rainfall of that year, i, k ∈ R (Azad, 2011). In this study, k was
defined as one.

3. Results and Discussions

3.1. Relationship between Sunspot number and Rainfall

Figure 7 shows the time series of standardized values of sunspot number (SSN) and rainfall
(RF) during the JF, MAM, JJAS, and OND seasons. To study the response of rainfall over Kerala
to the sunspot number during high solar activity, the Spearman rank-order correlation coefficients
between SSN and RF corresponding to each grid point were calculated and the results displayed
as a correlation map, given in Figure 8. During the JF season, rainfall is negatively correlated
with the sunspot number throughout the region. A highly negative correlation, with significance,
is observed at the topmost region, ie, in parts of Kasargod and the eastern boundary regions
covering Palakkad, Idukki, Pathanamthitta, Kollam, and Ernakulam districts. The MAM rainfall
shows a positive correlation, with significance, with sunspot number in the central part of Kerala
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(a) (b)

(c) (d)

Figure 5: Time series of (a) sunspot number (SSN) (b) F10.7 Index (F10.7) (c) Cosmic ray intensity (CRI) and (d) rainfall
(RF), corresponding to JJAS season.

which becomes strong in areas mainly covering Palakkad district. In the case of the JJAS season,
the central and the southern regions of Kerala showed a positive and significant correlation,
while the remaining regions gave weaker results. The OND season revealed weaker correlation
results compared to other seasons. A significant positive correlation was visible in the central and
the south-western regions covering Palakkad, Thrissur, Malappuram, Alappuzha, Kollam, and
Thiruvananthapuram districts. The northern districts till Kozhikode showed a relative negative
correlation during the JJAS and OND seasons.

The precipitation over Kerala was noted to be correlated with sunspot number, with varying
significance, irrespective of signs. Variations in correlation results were observed during all the
seasons. The JF and JJAS seasons revealed a stronger relationship between rainfall and sunspot
number, compared to other seasons.

3.2. Relationship between F10.7 Index and Rainfall

A time series of standardized values of F10.7 Index (F10.7) and rainfall (RF) for the JF,
MAM, JJAS, and OND seasons is represented by Figure 9. The Spearman rank-order correlation
coefficients between F10.7 and RF were calculated to assess the dependence of rainfall over
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(a) (b)

(c) (d)

Figure 6: Time series of (a) sunspot number (SSN) (b) F10.7 Index (F10.7) (c) Cosmic ray intensity (CRI) and (d) rainfall
(RF), corresponding to OND season.

Kerala on F10.7 Index during high solar activity. The results are given in Figure 10. Correlation
results were similar to SSN results, though weaker. Similar to the SSN results, the JF season
showed a negative correlation between F10.7 Index and rainfall over the entire region. The
northernmost region and the eastern regions extending towards the south showed a significant
negative correlation. The MAM rainfall displayed a significant positive correlation with the
F10.7 Index in the central parts of the state, which is similar to that of the SSN. In the case of
the JJAS season, F10.7 Index showed better correlation results than that of SSN. A high positive
correlation with significance was observed mainly in the central regions of Kerala, covering
mainly Malappuram, Palakkad, Thrissur districts and Pathanamthitta, Alappuzha, Kollam, and
Thiruvananthapuram districts in the south. Compared to the other seasons, the OND season
revealed weaker correlation results.

3.3. Relationship between Cosmic ray intensity and Rainfall

Figure 11 shows the time series of standardized values of Cosmic ray intensity (CRI) and
rainfall (RF) during different seasons.
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(a) (b)

(c) (d)

Figure 7: Variation of sunspot number (SSN) and rainfall (RF) during (a) JF (b) MAM (c) JJAS and (d) OND seasons.

Spearman rank-order correlation coefficients between CRI and RF were calculated to exam-
ine the influence of solar activity on rainfall over Kerala. The results are given in Figure 12.
The correlation results observed were completely different from those of SSN and F10.7 results.
The influence of cosmic ray intensity on the rainfall over Kerala is weaker compared to other
solar indices. During the JF season, positive correlation with significance was observed in dif-
ferent parts of the state, mainly covering Kasargod, Kannur, Palakkad, Thrissur, and along the
eastern boundary, ie, parts of Idukki, Pathanamthitta, Kollam, and Thiruvananthapuram districts.
The MAM rainfall showed a positive correlation with significance along the southwestern re-
gions covering Ernakulam, Kottayam, Alappuzha, and Thiruvananthapuram districts. The JJAS
results could not draw many significant conclusions. In the case of OND season, the northern
regions showed a positive correlation while coming to the south, the correlation sign reverses and
becomes negative.

The rainfall over Kerala was observed to be influenced by the solar activity with varying sig-
nificance, during different seasons. Out of the three solar indices considered, the sunspot number
and F10.7 Index showed better correlation compared to cosmic ray intensity. The JF and JJAS
seasons were observed to be more related to solar activity than the other two seasons. The cen-
tral and southern parts of Kerala seem to be affected by the sun during high-activity periods.
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(a) JF (b) MAM

(c) JJAS (d) OND

Figure 8: Correlation coefficients of Sunspot number (SSN) and rainfall over Kerala (RF) during (a) JF (b) MAM (c)
JJAS and (d) OND seasons. (Dark dots represents grid points with correlations at 0.1 significance level.)
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(a) (b)

(c) (d)

Figure 9: Variation of F10.7 Index (F10.7) and rainfall (RF) during (a) JF (b) MAM (c) JJAS and (d) OND seasons.

The rainfall received in different parts of the state varies during different seasons. Kerala’s ge-
ographical conditions, terrain, and rainfall variations may be contributing factors to the varying
correlation results.

Solar influences on precipitation have been investigated in several correlative studies in In-
dia. According to Ananthakrishnan and Parthasarathy (1984), an analysis of 306 Indian stations
revealed both positive and negative correlation coefficients. Hiremath and Mandi (2004) investi-
gated the correlation between sunspot number on seasonal and annual Indian monsoon rainfall.
He found that pre-monsoon and monsoon rainfall showed significant positive correlations. Hire-
math (2006) examined correlative effects of sunspot number over Indian rainfall during each
solar cycle and found a moderate to high significance correlation irrespective of the sign. When
solar activity was low, rainfall was higher than when solar activity was high. A weak positive
and negative correlation during different seasons was reported by Bal and Bose (2010). In the
study of solar parameters (Sunspot number, solar active prominence, and H alpha solar flares)
and All India homogeneous rainfall, Bankoti et al. (2011) found that the correlations varied in
their sign according to the season and with the solar parameters. A seasonal correlation between
cosmic rays and rainfall was observed by Chaudhuri et al. (2015) during the post-monsoon sea-
son. Many correlative studies were performed in different states to find a possible sun-rainfall
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(a) JF (b) MAM

(c) JJAS (d) OND

Figure 10: Correlation coefficients of F10.7 Index (F10.7) and rainfall over Kerala (RF) during (a) JF (b) MAM (c) JJAS
and (d) OND seasons. (Dark dots represents grid points with correlations at 0.1 significance levels.)
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(a) (b)

(c) (d)

Figure 11: Variation of Cosmic Ray Intensity (CRI) and rainfall (RF) during (a) JF (b) MAM (c) JJAS and (d) OND
seasons.

link, ie, in West Bengal (Chakraborty and Bondyopadhyay, 1986), Rajasthan (Jain and Tripathy,
1997), Tamil Nadu (Selvaraj et al., 2009b; Selvaraj and Aditya, 2011, 2012) and Kerala (Thomas
and Abraham, 2022a).

Similar correlative studies were recently performed globally, attempting to link rainfall with
solar activity in China (Song et al., 2022), the United States (Nitka and Burnecki, 2019), and
Europe (Laurenz et al., 2019).

3.4. Solar indices and extreme rainfall in Kerala

Attempts were made to understand the possible relationship between solar activity and ex-
treme precipitation events in Kerala during different seasons (JF, MAM, JJAS, and OND). For
that, the years of excess rainfall and deficient rainfall were identified, as explained in Section
2.2 (Azad, 2011). During the JF season, 6 excess rainfall events were visible during the years
1984, 1990, 1994, 2000, 2011, and 2021. Deficient rainfall was not observed in this season. The
MAM season revealed excess rainfall during 1972, 1995, 1999, 2004, 2006, 2015, and 2021 and
deficient rainfall during 1979, 1983, 1986, 1987, and 2019. In the case of the JJAS season, both
excess and deficient rainfall events were observable. 10 years of excess rainfall were recorded
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(a) JF (b) MAM

(c) JJAS (d) OND

Figure 12: Correlation coefficients of Cosmic ray intensity (CRI) and rainfall over Kerala (RF) during (a) JF (b) MAM
(c) JJAS and (d) OND seasons. (Dark dots represents grid points with correlations at 0.1 significance levels.)
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during the years 1968, 1975, 1981, 1991, 1992, 1994, 1997, 2007, 2013 and 2019. Similarly,
5 years of deficient rainfall were observed during the years 1976, 1987, 2002, 2012, and 2016.
OND rainfall was excess during 1966, 1977, 1997, 2006, 2010, and 2021. Deficient rainfall was
observed in 1967, 1974, 1988, 2012, and 2016.

The relative timing of solar activity and extreme rainfall was evaluated using curves of dif-
ferent solar indices, corresponding to different seasons (JF, MAM, JJAS, and OND). Figure 13,
14 and 15 show the extreme rainfall events concerning SSN, F10.7, and CRI respectively. The
black circle represents excess rainfall years and the red circle, the deficient rainfall years. The
present study covers 5 complete solar cycles (Solar cycles 20-24). Tables 1, 5 and 9 lists the
extreme rainfall events during the JF season, Tables 2, 6 and 10 during the MAM season, Tables
3, 7 and 11 during the JJAS season and Tables 4, 8 and 12 during the OND season. The first
column denotes the years of extreme, of each solar index (denoted as y), the second column, is
the excess rainfall years, and the third column, is the deficient rainfall years. Values given in
brackets indicate the relation with solar extremes.

3.4.1. Relation of extreme rainfall years with Sunspot number
Figure 13 denotes the extreme rainfall years during the JF, MAM, JJAS, and OND seasons,

plotted on the SSN curve. In this figure, slight variations in the maximum and minimum values
of SSN during different seasons are visible. During the JF season, the SSN showed a maximum
during the years 1970, 1980, 1991, 2002, and 2014 and a minimum during the years 1965, 1976,
1987, 1997, 2009, and 2020. Six excess rainfall years were observed during this season and are
given in Table 1. The SSN values were maximum during 1969, 1980, 1991, 2000, and 2014,
while they were minimum during 1965, 1975, 1986, 1996, 2009, and 2020 during the MAM
season. Seven excess and five deficient rainfall years were identified and listed in Table 2. In
the JJAS season, maximum SSNs occurred in 1968, 1979, 1989, 2000, and 2014, and minimum
SSNs occurred in 1965, 1976, 1986, 1996, 2008, and 2019. There were 10 excess and 5 deficient
rainfall events noted during this season which are listed in Table 3. In the case of the OND season,
SSN values recorded maximums during 1967, 1979, 1989, 2001, and 2011, while minima were
recorded during 1965, 1975, 1985, 1996, 2008, and 2019. Six excess rainfall years and five
deficient rainfall years were noted and listed in Table 4.

Considering all the seasons, it was commonly noted that the occurrences of extreme rainfall
(excess or deficient) often occurred around 3 years of extreme solar activity, ie, a solar maxi-
mum/solar minimum. In the MAM season, a year of excess rainfall was noted to be 4 years after
the solar maximum, which is an exception. During the JJAS and the MAM season, a few years
of extreme rainfall events appeared to coincide with the years of solar extremes.

3.4.2. Relation of extreme rainfall years with F10.7 Index
Similar to the SSN studies, we analyzed the extreme rainfall years in terms of the F10.7

Index. Figure 14 shows the extreme rainfall years during the JF, MAM, JJAS, and OND seasons,
plotted on the F10.7 curve. Here, slight variations in the maximum and minimum values of
F10.7, during different seasons, are again visible. During the JF season, the F10.7 showed a
maximum during the years 1968, 1980, 1991, 2002, and 2014 and a minimum during the years
1965, 1976, 1987, 1997, 2009, and 2020. The F10.7 values were maximum during 1970, 1981,
1991, 2000, and 2014, while they were minimum during 1965, 1975, 1986, 1996, 2009, and 2018
during the MAM season. In the JJAS season, maximum F10.7s occurred in 1970, 1981, 1989,
2000, and 2014, and minimum F10.7s occurred in 1965, 1976, 1986, 1996, 2008, and 2019. In
the case of the OND season, F10.7 values recorded maximums during 1970, 1979, 1989, 2001,
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(a) (b)

(c) (d)

Figure 13: The extreme years of (a) JF (b) MAM (c) JJAS and (d) OND rainfall depicted on SSN plot

Table 1: Extreme rainfall years along with extreme SSN years, during JF season

Years of extreme SSN (y) Excess rainfall years
1965 (min)
1970 (max)
1976 (min)
1980 (max)
1987 (min) 1984 (y-3)
1991 (max) 1990 (y-1)
1997 (min) 1994 (y-3)
2002 (max) 2000 (y-2)
2009 (min) 2011 (y+2)
2014 (max)
2020 (min) 2021 (y+1)

and 2014, while minima were recorded during 1965, 1976, 1985, 1996, 2008, and 2018. The
details of the extreme rainfall years about F10.7 Index are given in Tables 5, 6, 7 and 8.
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Table 2: Extreme rainfall years along with extreme SSN years, during MAM season

Years of extreme SSN (y) Excess rainfall years Deficient rainfall years
1965 (min)
1969 (max)
1975 (min) 1972 (y-3)
1980 (max) 1979 (y-1)
1986 (min) 1983 (y-3), 1986 (y), 1987 (y+1)
1991 (max)
1996 (min) 1995 (y-1)
2000 (max) 1999 (y-1), 2004 (y+4)
2009 (min) 2006 (y-3)
2014 (max) 2015 (y+1)
2020 (min) 2021 (y+1) 2019 (y-1)

Table 3: Extreme rainfall years along with extreme SSN years, during JJAS season

Years of extreme SSN (y) Excess rainfall years Deficient rainfall years
1965 (min)
1968 (max) 1968 (y)
1976 (min) 1975 (y-1) 1976 (y)
1979 (max) 1981 (y+2)
1986 (min) 1987 (y+1)
1989 (max) 1991 (y+2), 1992 (y+3)
1996 (min) 1994 (y-2), 1997 (y+1)
2000 (max) 2002 (y+2)
2008 (min) 2007 (y-1)
2014 (max) 2013 (y-1) 2012 (y-2), 2016 (y+2)
2019 (min) 2019 (y)

Table 4: Extreme rainfall years along with extreme SSN years, during OND season

Years of extreme SSN (y) Excess rainfall years Deficient rainfall years
1965 (min) 1966 (y+1) 1967 (y+2)
1967 (max)
1975 (min) 1977 (y+2) 1974 (y-1)
1979 (max)
1985 (min)
1989 (max) 1988 (y-1)
1996 (min) 1997 (y+1)
2001 (max)
2008 (min) 2006 (y-2)
2011 (max) 2010 (y-1) 2012 (y+1)
2019 (min) 2021 (y+3) 2016 (y-3)

While considering F10.7 Index, results similar to that of the sunspot number were observed.
Rainfall excesses and deficits occurred around three years of extreme solar index values, which
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(a) (b)

(c) (d)

Figure 14: The extreme years of (a) JF (b) MAM (c) JJAS and (d) OND rainfall depicted on F10.7 plot

Table 5: Extreme rainfall years along with extreme F10.7 years, during JF season

Years of extreme F10.7 (y) Excess rainfall years
1965 (min)
1968 (max)
1976 (min)
1980 (max)
1987 (min) 1984 (y-3)
1991 (max) 1990 (y-1)
1997 (min) 1994 (y-3)
2002 (max) 2000 (y-2)
2009 (min) 2011 (y+2)
2014 (max)
2018 (min) 2021 (y+3)

are the times when solar activity is highest or lowest. The JJAS season analysis showed years
when extreme rainfall and solar activity coincided.
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Table 6: Extreme rainfall years along with extreme F10.7 years, during MAM season

Years of extreme F10.7 (y) Excess rainfall years Deficient rainfall years
1965 (min)
1970 (max) 1972 (y+2)
1975 (min)
1981 (max) 1979 (y-2)
1986 (min) 1983 (y-3), 1986 (y), 1987 (y+1)
1991 (max)
1996 (min) 1995 (y-1)
2000 (max) 1999 (y-1), 2004 (y+4)
2009 (min) 2006 (y-3)
2014 (max) 2015 (y+1)
2018 (min) 2021 (y+3) 2019 (y+1)

Table 7: Extreme rainfall years along with extreme F10.7 years, during JJAS season

Years of extreme F10.7 (y) Excess rainfall years Deficient rainfall years
1965 (min)
1970 (max) 1968 (y-2)
1976 (min) 1975 (y-1) 1976 (y)
1981 (max) 1981 (y)
1986 (min) 1987 (y+1)
1989 (max) 1991 (y+2), 1992 (y+3)
1996 (min) 1994 (y-2), 1997 (y+1)
2000 (max) 2002 (y+2)
2008 (min) 2007 (y-1)
2014 (max) 2013 (y-1) 2012 (y-2), 2016 (y+2)
2019 (min) 2019 (y)

Table 8: Extreme rainfall years along with extreme F10.7 years, during OND season

Years of extreme F10.7 (y) Excess rainfall years Deficient rainfall years
1965 (min) 1966 (y+1) 1967 (y+2)
1970 (max)
1976 (min) 1977 (y+1) 1974 (y-2)
1979 (max)
1985 (min)
1989 (max) 1988 (y-1)
1996 (min) 1997 (y+1)
2001 (max)
2008 (min) 2006 (y-2)
2014 (max) 2010 (y-4) 2012 (y-2)
2018 (min) 2021 (y+3) 2016 (y-2)
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(a) (b)

(c) (d)

Figure 15: The extreme years of (a) JF (b) MAM (c) JJAS and (d) OND rainfall depicted on CRI plot

3.4.3. Relation of extreme rainfall years with Cosmic ray intensity
Lastly, the relationship of extreme rainfall years with CRI was studied. Figure 15 depicts the

extreme rainfall years during the different seasons plotted on CRI curves. During the JF season,
CRI displayed maximum values during the years 1965, 1974, 1987, 1997, 2010, and 2020, and
minimum values during the years 1969, 1983, 1990, 2003, and 2015. The CRI values were
maximum during 1965, 1977, 1987, 1997, 2009, and 2015, while they were minimum during
1969, 1981, 1990, 2003, and 2015 during the MAM season. In the JJAS season, CRI showed
maximum values in 1965, 1976, 1986, 1997, 2009, and 2020 and minimum values in 1969,
1982, 1991, 2000, and 2015. During the OND season, CRI displayed maximum values during
the years 1965, 1976, 1986, 1997, 2009, and 2019, and minimum values during the years 1968,
1982, 1989, 2003, and 2014. List of the extreme rainfall years during the JF, MAM, JJAS, and
OND seasons is given in Tables 9, 10, 11 and 12 respectively. Comparing with the previous
results of sunspot number and F10.7 Index, cosmic ray intensity also showed extreme values
around the years of extreme rainfall events. MAM and JJAS seasons revealed years where the
two events were coinciding.

According to the findings of the study, the results are in agreement with those obtained in
earlier Indian studies. Bhalme and Mooley (1981) observed that Flood Area Index over India
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Table 9: Extreme rainfall years along with extreme CRI years, during JF season

Years of extreme CRI (y) Excess rainfall years
1965 (min)
1969 (max)
1974 (min)
1983 (max) 1984 (y+1)
1987 (min)
1990 (max) 1990 (y)
1997 (min) 1994 (y-3)
2003 (max) 2000 (y-3)
2010 (min) 2011 (y+1)
2015 (max)
2020 (min) 2021 (y+1)

Table 10: Extreme rainfall years along with extreme CRI years, during MAM season

Years of extreme CRI (y) Excess rainfall years Deficient rainfall years
1965 (min)
1969 (max) 1972 (y+3)
1977 (min)
1981 (max) 1979 (y-2), 1983 (y+2)
1987 (min) 1986 (y-1), 1987 (y+1)
1990 (max)
1997 (min) 1995 (y-2), 1999 (y+2)
2003 (max) 2004 (y+1), 2006 (y+3)
2009 (min)
2015 (max) 2015 (y) 2016
2020 (min) 2021 (y+1) 2019 (y-1)

Table 11: Extreme rainfall years along with extreme CRI years, during JJAS season

Years of extreme CRI (y) Excess rainfall years Deficient rainfall years
1965 (min)
1969 (max) 1968 (y-1)
1976 (min) 1975 (y-1) 1976 (y)
1982 (max) 1981 (y-1)
1986 (min) 1987 (y+1)
1991 (max) 1991 (y), 1992 (y+1), 1993 (y+3)
1997 (min) 1997 (y)
2000 (max) 2002 (y+2)
2009 (min) 2007 (y-2)
2015 (max) 2013 (y-2) 2012 (y-3), 2016 (y+1)
2020 (min) 2019 (y-1)

was associated with the double sunspot cycle. During alternate solar cycles, Ananthakrishnan
and Parthasarathy (1984) noted significantly more excess rainfall years during the ascending
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Table 12: Extreme rainfall years along with extreme CRI years, during OND season

Years of extreme CRI (y) Excess rainfall years Deficient rainfall years
1965 (min) 1966 (y+1) 1967 (y+2)
1968 (max)
1976 (min) 1977 (y+1) 1974 (y-2)
1982 (max)
1986 (min)
1989 (max) 1988 (y-1)
1997 (min) 1997 (y)
2003 (max)
2009 (min) 2006 (y-3)
2014 (max) 2010 (y-4) 2012 (y-2)
2019 (min) 2021 (y+2) 2016 (y-3)

phase. According to Jain and Tripathy (1997), the periodicity of floods and droughts are well
correlated with sunspot main periods and quasi-periods in the Udaipur subtropical region of
Rajasthan. Bhattacharyya and Narasimha (2005) have shown that high rainfall correlates with
high solar activity, while low rainfall correlates with low solar activity. Considering the sub-
divisions from west central and peninsular India, Azad (2011) reported that the maxima of even
sunspot cycles coincided with excess rainfall (with +1 year error) and the minima of odd sunspot
cycles coincided with deficit rainfall (with ±2 year error).

Globally, studies have examined how solar activity impacts extreme rainfall events. Mitchell
et al. (1979); Cook et al. (1997) observed that the drought cycle is related to the double (Hale)
sunspot cycle in the United States. Vaquero (2004) noted that the probability of floods increased
during the episodes of high solar activity while studying the floods at the Tagus river basin,
Central Spain. A study on Lake Victoria levels in East Africa showed that solar activity af-
fects levels through rainfall. Rainfall maxima lagged one year behind sunspot maxima, resulting
in lake level maxima (Stager et al., 2007). Sunspot number revealed a direct correlation with
the flood/drought of the Second Songhua river basin, China (Hong-yan et al., 2015). In typical
regions of the Loess Plateau, in Yan’an, China, studies of precipitation responses to the solar ac-
tivity found that maximum precipitation was observed during solar maximum and was associated
with solar activity (Li et al., 2017). Yu et al. (2019) observed that the occurrences of droughts
and floods in the Southern Chinese Loess Plateau were synchronous with solar activities, at least
on decadal timescales.

In some cases, contradictory results were reported. Wirth et al. (2013) noted that flood fre-
quency in the European Alps increased during cool periods, which coincided with low solar
activity. The frequency of flood years is relatively high when solar activity is low, and vice versa,
according to Rimbu et al. (2021) studies on River Ammer floods in Germany. Li et al. (2023)
studied the time-lag correlation between solar activity and summer precipitation in the mid-lower
reaches of the Yangtze River, China. It was noted that the sunspot number has a negative corre-
lation with precipitation, with an 11-month time lag.

Concerns about the solar impact on rainfall have been around for a while, and numerous
connections that may exist have been examined in various studies (Li et al., 2023). Similar
periods in the time series of rainfall and solar activity suggested a potential relationship between
them (Nitka and Burnecki, 2019; Heredia et al., 2019). Sea surface temperature can be influenced

22



by the total solar irradiance (TSI), which alters atmospheric circulation and modulates rainfall
(Soon et al., 1996). A temperature gradient results from the sun’s UV rays being absorbed by
the stratospheric ozone. Through interactions between the troposphere and stratosphere, this in
turn influences Brewer-Dobson circulation and further changes the lower atmosphere (Baldwin
and Dunkerton, 2005). The production of cloud condensation nuclei (Svensmark, 2007) and,
eventually, precipitation are influenced by galactic cosmic rays.

4. Conclusion

The association between solar activity and the extreme precipitation events over Kerala,
India, was examined in this study. The fluctuation of the three solar indices—sunspot num-
ber, F10.7 Index, and cosmic ray intensity—with rainfall was examined over a 57-year period
(1965–2021). By separating the solar and rainfall data into the winter, pre-monsoon, monsoon,
and post-monsoon seasons, both annual and seasonal scales were taken into consideration. The
correlation coefficients between seasonal rainfall and the solar indices were computed. The
rainfall in Kerala correlated with the sunspot activity, however the association had varied sig-
nificance, according to correlation analysis. When solar activity was high, there was a strong
association between the winter and monsoon seasons and their significance. Sunspot number
and F10.7 index showed stronger correlation than cosmic ray intensity among the three solar
indices taken into account. In contrast to other areas, Kerala’s central and southern portions ap-
pear to be affected by the sun at times of high activity. The years when Kerala saw excessive or
insufficient rainfall were identified, and its relationship with the various solar indices was inves-
tigated. When the solar activity is at its peak, or around solar maximums and minimums, excess
and deficit rainfall years tend to occur. This study raises the possibility of a physical link, which
increases predictability, between solar activity and extreme precipitation in Kerala.
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