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Abstract The current study explores the relationship between solar variability and tropical cyclone (TC)
activity using sunspot number (SSN) and TC best-track data as respective proxies. We have considered six
regions of the globe, for example, EP: Eastern Pacific, NA: North Atlantic, NI: North Indian, SI: South Indian,
SP: South Pacific, and WP: Western Pacific. The results show strong anti-correlation between yearly TC
activity and yearly SSN while considering their 11-year moving averages. This behavior is consistent for TC
counts as well as accumulated cyclone energy. However, this is true only for the North Atlantic region. Overall,
when we consider all regions together, more TCs (in terms of counts) are observed during lower solar activity
periods (SSN < 50) as compared to higher solar activity conditions (SSN > 100). However, the yearly rates
remain more or less similar. On the other hand, extreme TC events with a maximum wind speed of 137 knots
and higher (category 5) are most likely to occur during the declining phase of a solar cycle and least likely to
occur during the ascending phase or the maximum phase. Although solar activity levels are similar during the
declining and ascending phases, the yearly occurrence rate is nearly double in the declining phase (1.123) as
compared to that in the ascending phase (0.625).

1. Introduction

Over the past few decades, substantial progress has been made in understanding TC dynamics and prediction
(Chan, 2005; Chen et al., 2020; K. Emanuel, 2003; Roy & Kovordanyi, 2012; Wang & Wu, 2004, and references
therein). Starting from understanding the physics and dynamics to real-time tracking and prediction, the scientific
community has done considerable development. However, one aspect that remains a gray area is how solar
variability affects TC activity. Cohen and Sweetser (1975) directly looked into a possible relationship between
TCs and solar activity. The authors did a spectral analysis of smoothed TC count, TC season length (7-year
running averages) for the Atlantic basin, and sunspot number (SSN) (12-month running average) data and
suggested a possible relationship between Atlantic TC activity and solar cycle. However, they did not offer any
possible mechanism. Further, Ivanov (2007) looked into the correlation between magnetic storms and TC counts
for nearly a single solar cycle between 1996 and 2006. The study found that each basin behaved differently. The
Atlantic basin showed a positive correlation between the two, whereas the northwestern Pacific and the Southern
Hemisphere showed negative correlations. The study found no significant correlation in the northeastern Pacific.

On the contrary, Elsner and Jagger (2008) suggested that inactive sun increases the probability of a U.S. hurricane.
The authors developed a statistical model of TC frequency for the Atlantic basin and showed that including SSN
as a covariate in the model prompted significant improvements. In follow-up work, Elsner et al. (2010) linked the
inverse relationship between TC intensity and solar activity to the variation in temperature at the top of the TC
caused by UV radiation during a solar cycle. This is based on the heat engine theory of TCs, which suggests that
the TC wind speeds vary inversely with the mean outflow temperature above the cyclone. As a result, an increased
air temperature at the top of a TC will decrease cyclone intensity. The high sensitivity of TC warm core to solar
short wave radiation was confirmed by Ge et al. (2015). On a different note, using the TC activity index (CAI)
from Australia, which is available for the last 1,500 years, Haig and Nott (2016) demonstrated the contribution of
solar forcing over decadal, interdecadal, and centennial scales, over Australian TC activity.

Most of the above-mentioned studies mostly used SSN as a proxy for solar activity, without differentiating be-
tween contributions from variability in solar irradiance and geomagnetic activity. Several studies looked into how
geomagnetic activity affects cyclones. Li et al. (2019) studied the role of solar wind energy flux on the modulation
of global TC activity. The authors suggest that the TCs seem to be stronger with more intense geomagnetic
disturbances. The results are in stark contrast to those of Elsner et al. (2010), Elsner and Jagger (2008). The
authors tried to explain the results based on reduced cosmic ray-driven cloud cover decrease during higher solar
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activity conditions which may allow the open oceans to get hotter and provide the necessary potential energy
required for TC intensification.

The geomagnetic activity seems to be more effective in modulating extra tropical cyclones (TCs) (Prikryl,
Muldrew, & Sofko, 2009; Prikryl, RuSin, & Rybansky, 2009). The authors noted that the advent of HSS/CIRs
(high-speed solar wind streams/corotating interaction regions) or ICMEs (Interplanetary Coronal Mass Ejections)
was generally followed by extra-tropical storms, wind storms, or winter storms. Prikryl et al. (2016) performed a
superposed-epoch analysis of the 530.3-nm solar corona emission line intensity and solar wind plasma parameters
to investigate this phenomenon. The results showed that the arrival of HSSs were closely followed by explosively
developing extra-TCs, in a significant number of cases. Most of these effects were observed at latitudes poleward
of 40°N. A possible mechanism was proposed which was based on the generation of Joule heating and/or Lorentz
forcing of the high-latitude ionosphere/thermosphere leading to the generation of atmospheric gravity waves
(AGWs). These AGWs can propagate downwards reaching the troposphere and lead to the formation of con-
ditional moist symmetric instability which may in turn contribute toward intensification of extratropical cyclones
(Prikryl et al., 2016, 2018; Prikryl, Rusin, & Rybansky, 2009). It is worthwhile to mention here that the above-
mentioned work relating extratropical cyclones to HSS/CIRs were partly motivated by the “Wilcox effect”
(Roberts & Olson, 1973; Wilcox et al., 1973, 1974, 1976). It relates the tropospheric vorticity (300--500-hPa
levels) and solar wind magnetic structure. As the earth passes through a solar wind magnetic boundary or he-
liospheric current sheet (HCS), the vorticity area index (Roberts & Olson, 1973) showed a statistically significant
decrease, one day after the HCS passage (Hines & Halevy, 1977).

In this study, we revisit the topic of relationship between TCs and solar variability using best-track data for over
three solar cycles. We look into variability across all major regions instead of only NA/US hurricanes. Also
special attention is paid to solar cycle dependence of extreme TCs considering their socioeconomically
importance.

2. Data and Methodology
2.1. TC Activity

In this study, global TC activity was inferred by using the International Best Track Archive for Climate Stew-
ardship (IBTrACS) Data set vO4r for all TC regions (Knapp et al., 2010, 2018). For Sections 3.1 and 3.2, where we
look into correlations between TC activity and SSNs, we have used TC data and SSN from 1964 to 2021. This has
been done to have a longer time series. For Section 3.3 onward, everywhere throughout the paper, we only
consider TCs from 1982 onwards. This has been done since decent satellite coverage and hence more accurate TC
intensity data was available after that. In general, only storms with minimum intensity >34 knots have been taken
into consideration unless stated otherwise. For both cases, all extra-tropical and subtropical storms were ignored.
Only storms categorized as TCs have been considered. For TC counts, we have considered all data after 1964,
depending on data availability in different regions.

2.2. Accumulated Cyclone Energy (ACE)

Along with TC counts, we have also used the accumulated cyclone energy (ACE) as a proxy for TC activity. The
“ACE” index was defined by NOAA as a measure of the total TC activity (Waple et al., 2002). The “ACE” index
takes into account both the strength and the time duration of each TC and hence acts as a better proxy for TC
activity as compared to just TC counts. For each TC, the “ACE” index is calculated by summing up the squares of

each six hourly maximum sustained wind speed (,,,,) and then multiplying it with a factor of 10*. Only those

max

periods are considered when u,,,, > 34 knots. In short, for each TC, ACE = 10* X Y. Va2

2.3. Sunspot Number (SSN)

As a proxy for solar activity, we have used yearly averaged SSN. The SSN data is obtained from NASA's
OMNIWEB service (https://omniweb.gsfc.nasa.gov/). The SSN data is available from 1964 onwards. As
mentioned, except for Sections 3.1 and 3.2, everywhere throughout this paper, we have considered TCs after 1982
only. The same goes for SSN data as well. For the period of 1982-2022, the mean SSN is given as u = 75 and the
standard deviation (SD) is ¢ = 62.6. At this point, it is necessary to put forth criteria for high and low solar activity
conditions. In this case, the high and low solar activity conditions may be defined as SSN>pu + %a and
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Figure 1. This figure shows the variability of yearly tropical cyclones (TC) counts (red) and the yearly averaged sunspot
number (SSN) (blue) over the North Atlantic region. The SSN and TC counts are represented by the left and right y-axes,
respectively. Panels (a—c) shows the absolute values, their 11-year moving averages, and the residual values (absolute-11-
year moving average), for both parameters. Panels (a—c) represent the corresponding cross-correlation functions. The dashed
line shows the 95% confidence bounds.

SSN<p — %o-, respectively which results in SSN > 106 and SSN < 43. However, for simplicity, we redefine the
high and low solar activity conditions as SSN > 100 and SSN < 50. The corresponding results do not change
much. So we persist with this criteria of SSN > 100 and SSN < 50 to define high and low solar activity conditions,

throughout the paper.

2.4. Probability Distribution Function and Uncertainty Bounds

In Section 3.3, we have used probability distribution functions for TC intensities for low and high solar activity
periods. The probabilities are calculated by simply taking the ratio of the number of points in each bin and the total
number of points. To calculate the significance levels, we have employed a Monte Carlo bootstrap method. In this
method, random noise is added to each data point to create multiple sub-samples. In the IBTrACS data set, the TC
intensity is rounded up to the nearest 5 knots. So we produce 10,000 sub-samples by adding random noise from a
uniform distribution within the interval of +5 knots which is a standard error in TC intensity observations. Then
the 2.5th-97.5th percentiles of the 10,000 sub-samples were used as the uncertainty bounds. The method
employed in this case is very similar to the one used by Bhatia et al. (2019).

In addition, the following abbreviations have been used to denote various regions, throughout this paper: (EP:
Eastern pacific, NA: North Atlantic, NI: North Indian, SI: South Indian, SP: South pacific, WP: Western pacific).

3. Results
3.1. TC Counts Versus SSN

Figure 1 shows the variability of yearly TC counts (red) and the yearly averaged SSN (blue) over the NA region.
The SSN and TC counts are represented by the left and right y-axes, respectively. Figures la—1c shows the
absolute values, their 11-year moving averages, and the residual values (absolute-11-year moving average), for
both parameters. On the right, Figures 1a—1c represent the corresponding cross-correlation functions. The dashed

NAYAK ET AL.

30f 13

85U017 SUOWILLID SAIIERID 3(dedlidde sy} Aq peusenob ke sspoiie O ‘8sn Jo Saini oy Akeiqi78uljuO AB|1M UO (SUORIPUOD-PUR-SLLLBY WD A8 | I ARe.q 1 BUIUO//SANY) SUORIPUOD PUe SWB L 8U3 385 *[202/90/20] Uo Areiq1Taul|uo A8 |1 ‘wsieuBewoss JO sinsul ueipu| Aq 00SE00VIEZ0Z/620T OT/I0p/w0d" A8 1M Aeiq utjuo 'sgndnBey/sdny Wwoly pepeoiumoq ‘9 ‘#20z ‘¥80SEEEZ



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2023EA003500

lines show the 95% confidence bounds. On a visual inspection, Figures 1a—1c do not show any clear relationship
between TC counts and SSN. A similar picture is observed in terms of their cross-correlations in Figures la—Ic.
However, Figure 1b show a different picture. A clear visual anti-correlation can be observed between TC counts
and SSN when we consider their 11-year moving average. The same is also evident in terms of their cross-
correlation which is nearly —1. This points toward a possibility that a higher level of solar activity leads to
lower numbers of TCs and vice versa. However, this is a picture of only the NA region. We must take a look at
what happens in other regions as well which has been shown in Figure 2.

Figure 2 shows the variation of TC counts (red) and the SSN (blue) in terms of 11-year moving averages, for
different regions. Each panel is similar to Figure 1b, except the TC counts in this case are normalized with respect
to the maximum value for each region. The SSN and TC counts are represented by the left and right y-axes,
respectively. The horizontal panels represent different regions (mentioned in the bottom left corner). The
respective cross-correlation coefficients, at zero lag, have been mentioned in the middle bottom for each panel.
First of all, the NA region shows strong anti-correlation between TC counts and SSN variability (Figure 2b).
However, none of the other regions show such strong anti-correlation. On the contrary, the SP region shows a
positive correlation (Figure 2e). Both TC counts and SSN show similar trends on a visual inspection. Overall, in
the last two decades, all regions in the northern hemisphere (EP, NA, NI, WP) show a gradual increase in TC
counts. Interestingly, the corresponding southern hemispheric regions (SI, SP) show a gradual decreasing trend in
TC counts.

3.2. Accumulated Cyclone Energy (ACE) Versus SSN

Figure 3 shows a similar picture in terms of the ACE. Figure 3 is similar to Figure 2 except it shows the variation
of the ACE (red) and the SSN (blue) in terms of 11 years moving averages, for different regions. The ACE
variability with respect to SSN is very similar to that of TC counts. Similar to Figure 2b, the NA region shows
strong anti-correlation between ACE and SSN variability (Figure 3b). None of the other regions show such strong
anti-correlation. As mentioned in Section 2, the ACE takes into account both the TC intensity and duration. Hence
it is a better physical indicator of TC variability than only TC counts. But when we consider their long-term
variability, TC counts and ACE both show very similar behavior in most of the regions. The most prominent
one is the NA region where both TC counts and ACE show a strong negative correlation with SSN.

3.3. Distribution of TC Intensities

Figure 4 shows a picture of the distribution of TC intensities under different solar activity conditions. The figure
has been generated by using TC data only after 1982. The left panel (Figures 4a—4d) shows the distribution of TC
intensities for (a) all solar activity levels (b) low solar activity (SSN < 50) (c) high solar activity conditions
(SSN > 100) and (d) difference between low and high solar activity conditions. The y-axis for the top three panels
is in linear scale whereas the bottom panel is in log scale. The x-axis shows the TC intensities in knots. The data
has been binned into bins of 20 knots each. From Figures 4b and 4c it can be seen that the number of TCs is
generally higher during low solar activity conditions which is evident from the difference plotted in Figure 4d.
However, this may not be completely correct because the number of years falling under lower solar activity
conditions may be higher than that under higher solar activity conditions. So Figures 4e—4g show the TC counts,
number of years, and the TC counts/year (yearly rate). The blue, green, and red colors represent low, moderate,
and high solar activity levels, respectively. As seen in Figure 4g, the rates are almost similar in all three solar
activity conditions. However, the yearly rates do not differentiate the TC intensity. So to understand if the TC
intensity has any dependence on the solar activity levels, we take a look at their probability distributions.

Figure 5, shows the corresponding probability distribution functions for low (blue) and high (red) solar activity
conditions. The probabilities are represented in a logl0 scale in the y-axis whereas the x-axis shows the TC
intensity in knots. The solid lines represent the probability distributions whereas the dotted lines represent the 95%
confidence intervals which have been calculated using a Monte Carlo simulation as described in Section 2. The
probability in this case is simply the ratio between the number of TCs in each bin and the total number of TCs for
each category. The probabilities are plotted in log scale to have a better picture of the tail end of the distribution.
Overall, the probabilities do not vary much throughout most parts of the distributions. However, the points on the
extreme right in the tail end of the distributions, show a clear difference. What it means is that the most intense
TCs are more probable during lower solar activity conditions, as compared to higher solar activity conditions.

NAYAK ET AL.

4 of 13

BSUBDIT SUOWILIOD BARERID B|cedi[dde 3Ly Aq peuenob a1e 9o YO 88N JO S3IN1 104 AReiq 1T BUIIUO /8|1 UO (SUORIPUOD-PUR-SWIB) LI A8 1M ARIq U1 UO//STNY) SUORIPUOD PUe SWR L 8U} 885 *[7202/90/20] U0 ArigiTauliuo Aim ‘wsneufewoss JO simisul ueipu| Ag 00SE00 YIEZ0Z/620T OT/10p/wod: A imAzeiquieur|uosgndnBe//sduy woaj papeojumod ‘9 ‘¥20Z ‘v80SEEET



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science

10.1029/2023EA003500

100

50

100

50

100

50

100

50

Sun Spot No (SSN)

100

50

100

TC Counts vs SSN

Sunspot Number
Normalised cyclone count

[b] ' ' ' | A
40.5
NA CC =-0.90 L
[c] | | ' | 12
40.5
NI CC =0.03 I
[d] ' ' ' ' it
40.5
Sl CC =0.09 |
[e] ' ' | e
40.5

[f]

50
WP CC =-0.04 !
0 ] ] | ] 1 ]
1960 1970 1980 1990 2000 2010 2020
Year

Cyclone Count(Normalized)

Figure 2. This figure shows the variation of tropical cyclone (TC) counts (red) and the sunspot number (SSN) (blue) in terms
of 11 years moving averages, for different regions. Each panel is similar to Figure 1b, except the TC counts in this case are
normalized with respect to the maximum value for each region. The SSN and TC counts are represented by the left and right
y-axes, respectively. The horizontal panels represent different regions (mentioned in the bottom left corner).
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Figure 3. This figure shows the variation of accumulated cyclone energy (ACE) (red) and the sunspot number (blue) in terms
of 11 years moving averages, for different regions. This figure is similar to Figure 2 except it shows the variation of the ACE
(red) instead of tropical cyclone counts.
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Figure 4. This figure shows a picture of the distribution of tropical cyclone (TC) intensities under different solar activity
conditions. The left panel (a—d) shows the distribution of TC intensities for (a) all solar activity levels (b) low solar activity
(SSN < 50) (c) high solar activity conditions (SSN > 100) and (d) difference between low and high solar activity conditions.
The right panel (e—g) shows (e) TC counts (f) the number of years and (g) TC counts per year under different solar activity
conditions.

Considering the importance of highly intense TCs, we look at their variability with respect to solar cycles in the
next section.

3.4. Extreme Events

In this section, we consider the occurrence of extreme TC events with respect to solar variability. We define an
extreme TC event as a TC with a maximum sustained wind speed of 137 knots or higher (category 5 as per
Saffir (1973), Simpson (1974)). Figure 6 shows the occurrence of extreme TCs with U,,,, > 137 knots. The
horizontal panels (Figures 6b—6f) in the left column represent different ocean basins with Figure 6a showing the
combination of all regions in a single plot. The black curves show the SSN variation as a function of time (year).
The red dots represent the yearly counts of the extreme TCs, with their size representing the number of extreme
TCs in a year.

First of all, Figures 6b—6g show that most of the extreme events are confined to the EP and NA regions. Second
and more importantly, most of the extreme events occur during lower or moderate solar activity conditions. A
very few of the extreme events can be observed to occur around the peak of solar activity. The same scenario is
shown in Figure 6h in a slightly different way. The SSN has been divided into three categories: (a) low
(SSN < 50), (b) moderate (50 = < SSN < 100), and (c) high (SSN > 100). Then extreme TC count, total number
of years, and the extreme TC count per year have been shown in bar plots, for each category, in white, gray, and
red bars, respectively, The same has been mentioned in the plots as well. For better visual inspection, the red bars
represent 10X (extreme TC count per year). The actual values are mentioned in the text inside the figure, against
the red bars. Out of a total of 36 extreme events, 24 occur during lower solar activity conditions (low (SSN < 50)),
whereas 4 and 8 extreme events occur during moderate and high solar activity conditions, respectively. It may be
argued that the total number of years during lower activity conditions may be higher which leads to a higher
number of extreme events. So when we consider the extreme event counts per year, we get 1.3, 0.4, and 0.8
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Figure 5. This figure shows the probability distribution functions of tropical cyclone intensity for low (blue) and high (red)
solar activity conditions. The probabilities are represented in a log10 scale in the y-axis whereas the x-axis shows the intensity
in knots. The solid lines represent the probability density function whereas the dashed lines represent corresponding 95%
confidence intervals.

extreme events per year during low, moderate and high solar activity conditions, respectively. This clearly points
toward a higher probability of extreme TC events during lower solar activity conditions.

3.4.1. Extreme Events and Phases of Solar Cycle

To understand the relationship of extreme events with phases of the solar cycle, we first divide each solar cycle
into four phases namely, (a) minimum, (b) ascending, (¢) maximum, and (d) declining phase (Hynonen, 2013;
Kilpua et al., 2015; Reyes et al., 2021). First, a solar cycle is defined from one minimum to the next minimum.
Next, the mean and SD are calculated for each cycle. Then the ascending and the declining phases are defined as
the regions between Mean = 1 SD, on the left and right sides of the solar cycle, respectively. The maximum phase
is defined as the region with SSN > Mean + 1 SD. Alternatively, the maximum phase lies in between the
ascending and the declining phases. The minimum phase is the region where SSN < Mean — 1 SD. Alternatively,
minimum phase is the combination of regions before the ascending phase and after the declining phase. The
different phases of the solar cycle can be seen in Figure 7 as shaded regions with different colors. For creating this
plot SSN data from 1982 to 2019 has been used, which covers more than three solar cycles. Each solar cycle was
projected onto an x—y plane where x represents an 11-year time period and y represents the SSN normalized to 1
with respect to the maximum value of the SSN for that solar cycle. For example, let us consider a 10-year solar
cycle with a peak SSN of 200. So the 3rd year with an SSN of 140 will have x coordinates x = (3/10) X 11 = 3.3
and y = 140/200 = 0.7. The same process was repeated for each solar cycle under consideration and a mean curve
is calculated. The results are shown in Figure 7. The black solid curve represents a normalized mean solar cycle of
11 years. The vertical black dashed lines appear as a separation between different phases of the solar cycles. The
blue, cyan, yellow, and green represent the minimum, ascending, maximum, and declining phases of a solar cycle.
The red circles represent the extreme TC events with the size of the circles representing the number of extreme
TCs in that year. The positions of the extreme TCs have been mapped as per their occurrence in their respective
phase of the solar cycle. The respective numbers of years and extreme TCs have been mentioned in Table 1. The
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Figure 6. This figure shows the occurrence of extreme tropical cyclone (TCs) with U, > 137 knots. The horizontal panels in

max =
the left column represent different ocean basins with the top panel representing the combination of all. The black curves show
the sunspot number (SSN) variation as a function of time (year). The red circles represent the yearly counts of the extreme
TCs. The right vertical panel shows extreme TC counts and average yearly counts under different solar activity conditions.
The SSN has been divided into three regions based on solar activity level and the number of extreme TCs in each category
mentioned in the panel.

most striking feature of Figure 7 is that a majority of the extreme TCs occur during the declining phase of the solar
cycle, followed by the minimum phase. They are least likely to occur during the maximum and ascending phases.
The yearly average extreme TC during declining phase is 1.23 compared to 0.625 during maximum and 0.75
during ascending phase. The interesting thing to note here is that the solar activity levels (in terms of SSN) are
almost similar during ascending and declining phases. So it is surprising to note the much higher preference of
extreme TCs toward the declining phase as compared to the ascending phase.

4. Discussion

This study investigated the relationship between TC activity and solar variability using TC best-track data and
SSN as respective proxies. In the NA region, strong anti-correlation was observed between 11-year moving
averages of TC yearly counts and yearly averaged SSN. When we considered the ACE, it also showed a very
similar pattern. The TC counts (and the ACE) increased with declining solar activity and decreased with
increasing solar activity. However, other regions did not show any such clear relationship. In the South Pacific, a
positive correlation was obtained which shows decreasing TC counts with decreasing solar activity levels. The
inverse relationship in the NA region is similar to results shown by Elsner and Jagger (2008). Though other
regions do not show such an inverse relation like NA region, the overall global TC counts are generally higher
during low solar activity periods as compared to higher solar activity period. The global yearly rates remained
more or less similar during different solar activity conditions. However, when we consider only extreme TC
events (=137 knots), the yearly rates are extremely high during low solar activity conditions as compared to high
or moderate solar activity conditions.
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Table 1

Extreme Tropical Cyclones (TCs) Versus Solar Cycle Phases

1.2
Al Minimum

I . Ascending

I — = Maximum
T Declining
R Minimum

® Cyclone Count
SSN
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[=)]

o
IS

0.2
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Figure 7. This figure shows the distribution of extreme tropical cyclones (TCs) during different phases of the solar cycle. The
black curve shows the mean solar cycle (average of the last three solar cycles under the study) and has been normalized to
unity. The red circles represent the yearly counts of the extreme TCs similar to Figure 6. The positions of the extreme TCs
have been mapped as per their occurrence in their respective solar cycle. The blue, cyan, yellow, and green represent the
minimum, ascending, maximum, and declining phases of a solar cycle. The results show that the extreme TCs are more
probable during the declining phases and are least probable during the ascending phases of the solar cycle.

The exact reasons behind the preference of TC activity toward lower solar activity are not very clear. There
are very few proposed mechanisms. Elsner et al. (2010) suggested that the decrease in UV radiation during
solar minimum conditions may be the main culprit behind the increased TC intensity. As per the heat engine
theory of TCs, the maximum wind speed of a TC varies directly with the sea surface temperature (SST) but
inversely with the mean outflow temperature on top of the cyclone (K. A. Emanuel, 1991; K. Emanuel, 2023;
Elsner et al., 2010). So during high solar activity conditions, the increased UV radiation leads to a hotter
upper troposphere. This in turn leads to less available convective potential energy for the TCs and hence
weaker TCs. It may be argued at this point that this explanation should result in stronger/weaker TCs during
low/high solar activity conditions without really affecting their counts/frequency of occurrence. We must note
that the TC counts are not exclusively independent of TC intensity as we define a cut-off value to consider
and storm as a TC. For example, in our case, the cut-off is 34 knots. The same was also pointed out by Elsner
and Jagger (2008). Elsner et al. (2010) also suggested that the UV-driven change in upper tropospheric
temperature is a more significant driver than cosmic variability during a
solar cycle when it comes to affecting cyclone intensity. The above-
mentioned argument may well explain the results obtained in this study.
We must reiterate here that the results from Elsner and Jagger (2008) were

Solar cycle phase  No of years  No of extreme TCs  Extreme TC/year limited to only the NA sector.

bl i ? ? . However, a contrasting mechanism was proposed by Li et al. (2019). The
Ascending 8 6 0.75 authors investigated the variability of TC activity with reference to solar
Maximum 8 5 0.625 wind energy input during a solar cycle and concluded that intense
Declining 13 16 1.23 geomagnetic activity may lead to stronger TCs. They explained the results
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considering the variability of cosmic rays during the solar cycle as a major driver. It has been established that
there is a strong anti-correlation between the 11-year solar cycle and cosmic ray intensity (Forbush, 1958;
Parker, 1965; Van Allen, 2000). As the solar activity peaks, the cosmic ray intensity drops resulting in a
decreased flux of cosmic ray particles that reach the troposphere. Past studies have positively linked cosmic
rays flux with global cloud coverage (Lassen & Friis-Christensen, 1995; Svensmark & Friis-Christensen, 1997).
The reduced cosmic ray flux during high solar activity leads to a decrease in global cloud coverage which may
allow the open oceans to absorb more solar irradiance energy. As a result, the SST and the latent heat increase.
Increased SST and latent heat act as a source of energy for TCs to get further intensified (Pauley &
Smith, 1988).

Other than the two competing mechanisms discussed above, there are hardly any other physical mechanisms that
discuss or explain the relationships between solar and TC activity variability. Our results are agreeable to the
mechanism suggested by Elsner et al. (2010), Elsner and Jagger (2008). However, the mechanism discussed by Li
et al. (2019) cannot be completely negated. Both the mechanisms may in principle be valid although their degree
of significance in driving the solar-TC relationship may vary.

When we consider only the extreme TC events, they are clearly more probable to occur during years with
lower solar activity with an average of 1.3 extreme events per year compared to 0.7 and 0,4 extreme events
per year during high and moderate solar activity. Perhaps the most important result of this study is the
discovery that extreme TC events are least likely to occur during the maximum and ascending phases of a
solar cycle. They are most likely to occur during the declining phase. Although the solar activity levels are
similar during the ascending and declining phases of a solar cycle, the extreme TC event occurrence rate is
almost double during the declining phase rather than during the ascending phase. It may be easier to look for
driving mechanisms when we separately look at low and high solar activity conditions. When we compare the
ascending and descending phases of a solar cycle, they are very similar in terms of SSN. So at first, it is
surprising to observe that extreme TCs are far more probable during the declining phase as compared to the
ascending phase of a solar cycle. The only difference lies in their preconditioning. An ascending phase is
preceded by a solar minimum whereas a declining phase is preceded by a solar maximum. However, at this
point, we do not have any probable mechanism to explain why the ascending phases are least preferred for an
extreme TC to occur.

5. Conclusion

We have studied the relationship between solar activity and TC activity. The study utilized SSN as a proxy for
solar activity. TC activity was inferred from IBTrACS data set The major findings are as follows.

1. The long-term trends in TC occurrence and SSN suggest that, in the Northern Atlantic region, solar activity
and TC activity are strongly anti-correlated. TC occurrence count increases with decreasing solar activity and
vice versa. A similar behavior is observed in terms of ACE.

2. Lower solar activity conditions are more favorable toward the generation of more intense TCs as compared to
those in higher solar activity.

3. More importantly, extreme TC events (>137 knots) are most likely to occur during the declining phase of a
solar cycle. They are least probable during the maximum and ascending phases of the solar cycle.

4. Although solar activity levels are similar during the declining and ascending phases, the yearly occurrence rate
is nearly double in the declining phase (1.123) as compared to that in the ascending phase (0.625).

The exact physics and dynamics behind such behavior are not clearly understood. It would require a proper
modeling framework to understand and explain how solar variability controls/contributes toward TC activity.

Data Availability Statement

The IBTrACS data can be downloaded from the IBTrACS website https://www.ncei.noaa.gov/products/inter-
national-best-track-archive. The SSN data can be obtained from NASA's OMNIWEB service https://omniweb.
gsfc.nasa.gov/. The datasets for this research can be found at Nayak (2024).
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