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Abstract

Galactic cosmic rays (GCRs) are one of the possible mediators of the solar
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influence on climate. However, the impacts of GCR on clouds and climate

systems are not fully understood. In this paper, we show that the high-altitude

clouds associated with deep convective activities are responding to the decadal-

scale cycles of GCRs and that the susceptible areas are seasonally variable.

Most notable responses were found in August over tropical land areas,

suggesting that the susceptivity of clouds to GCRs depends on the depth of

convective activities and the abundance of aerosol precursor materials.

Furthermore, following the activation of high-altitude cloud formation, an increase

in sea surface temperature (SST) gradient was observed over the Pacific.

Although the response of SST to solar activity has mostly been discussed as

mediated by solar radiations, we propose that another mechanism is possible:

through the impact of GCRs on clouds and the resultant changes in atmospheric

circulations.

Introduction

The possible responses of climate to solar activity variations have been reported

for various time scales [1], and several mediating mechanisms have been

proposed, including the effects of solar radiations [2—5] and GCRs modulated by
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solar-wind magnetic field [6,7]. Notable responses of climate to solar activity have

been observed for millennial [8,9] and centennial time scales [10,11]; however,

identifying the relative importance of mediating solar-activity related parameters

is difficult at such time scales, as the radiative and magnetic outputs of the Sun

vary in complete correspondence. To identify the contribution of each of the

parameters and trace the propagation of their impacts, it is needed to examine

the shorter time scales, such as those associated with the solar decadal cycle, or

even shorter, where the temporal variation of the solar radiative outputs and

GCRs are slightly different [12,13].

Solar radiations vary based on the emergence and disappearance of sunspots

and faculae on the solar surface [14]. Therefore, they change along with the

decadal-scale variation of the activity level of sunspots. However, the flux of

GCRs incident to the Earth’s atmosphere is attenuated by the solar wind

magnetic field in the heliosphere and is thus dependent on the evolution of the

configuration and its direction [15]. As a result, the flux of GCRs is dependent on

the solar magnetic polarity that reverses every solar cycle maximum (see Fig S1).

In addition, the transient intensification of the magnetic fields associated with

solar coronal mass ejections contributes to the shielding of GCRs [16]. Due to the

travel time of the solar magnetic field in the heliosphere and its influence on the
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trajectory of GCRs, the variation of GCRs at Earth occasionally delays up to ~1.4
years relative to the decadal variations in solar activity level [17,18]. Such
features might allow identifying the potential contribution of GCRs to the Sun—
Climate connection.

The possible impact of the decadal-scale solar activity cycle on climate has been
reported, e.g., in the North Atlantic region [19-21] and the tropical region [5,22—
24]. Recent studies have suggested that an increased solar activity results in a
reduction in the east-west gradient of SST over the Pacific and in a weakening of
the Pacific Walker Circulation [5]. These decadal-scale Sun-Climate connections
have been mostly attempted to be explained by the so-called “top-down”
mechanism, through which solar UV (SUV) influences stratospheric temperature
and subsequently alters tropospheric circulation [2,3] or by the “bottom-up”
mechanism, through which the total solar irradiance (TSI) warms up the ocean to
change atmospheric circulation [4,5]. However, significant positive feedback is
needed for the latter mechanism to explain the observed temperature variations,
as the variability of TSI over solar cycles is as small as 1 W/m?.

It is, however, also possible that GCRs contribute to the decadal-scale Sun—
Climate connection through their impacts on clouds by the formation of aerosols

[7,25-27], by enhancing the collision efficiency between aerosols and cloud
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droplets [28-30], or by stabilizing the molecular cluster to grow to cloud

condensation nuclei [31-33]. However, it is not well understood how their effects

might proceed in actual environments and how those impacts propagate in the

climate system.

Originally, it was suggested that the cloud covers over oceans are enhanced

with the increase in GCRs [6]. Later on, it was demonstrated that the low-altitude

clouds over oceans are most significantly correlated to GCR variations [34].

However, both theoretical estimates and the laboratory chamber experiment have

indicated that GCR-induced aerosol formations are rather efficient at low

temperatures [26,35-37] (i.e., at high altitudes). The upper troposphere is also

favorable in terms of the abundance of GCR-induced ions [38—40]. Deep

convection is a possible method for supplying aerosol precursors from the

biogenic activities at the ground or ocean surfaces to the upper troposphere

[35,41]; therefore, the high-altitude clouds near highly convective areas are

potentially most susceptive to GCRs, although the deep convection may also

contribute to the transport of newly-formed cloud condensation nuclei to the lower

troposphere to change the cloud properties [42].

The impact of GCRs through the formation of aerosols may only be emphasized

if there are few preexisting aerosols in an ambient environment [43], as newly
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formed aerosols tend to be adsorbed to preexisting aerosols if they are abundant.

Atmospheric aerosols, including the ones that have anthropogenic origins, are

mostly confined within ~4 km from the surface, except over the mountains with

high elevations [44]. This factor also suggests a possibility that only the middle to

upper troposphere meets the criteria of significantly being impacted by GCRs.

In this paper, we examine the response of high-altitude clouds based on records

over the past 43 years. Due to the possible artifactual influence from satellite-

based observations [45], it is vital to examine the cloud behaviors based on

multiple independent data sets and to concentrate on the fluctuations except for

long-term trends. Therefore, in this work, we base on two records (see methods)

and focus on the response at the decadal scale. We used monthly-resolved high

temporal-resolution data to constrain the possible conditions required for clouds

so as to significantly respond to GCR variations.

Results

Relationship between high-altitude clouds and GCR cycles

The monthly data of high-altitude clouds, as monitored by Outgoing Longwave

Radiation (OLR) and those of International Satellite Cloud Climatology Project
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(ISCCP) H-series Gridded Monthly (HGM), were compared with GCR cycles (see
Methods). Then, it was found that both series consistently indicate that there are
regions in the tropics where high-altitude clouds show significant positive
correlations to decadal-scale GCR cycles (Figs 1 and 2, also see Supplementary
Figs S2-S3), suggesting that GCRs may be contributing to the changes in cloud
activity. However, the areas were localized, and they significantly varied based
on the seasons. Most significant correlations were found in August for the areas
in which the formation of high-altitude clouds is active (see Fig 1), supporting the
above-mentioned hypothesis; however, they were localized to the land areas and
nearby oceans. There were also some regions in which high cloud formations
were suppressed (see below). In boreal winter, the areas showing significant
correlations were migrated to the convective regions in the southern hemisphere
(Fig 2, also see Fig S3). The signals were weaker compared with those of August;
however, a prompt response was observed around the northern tip of Australia
and the northwest coast of South America (Fig 2a). Figures 1f—i and 2f-i indicate
the OLR range that achieved the maximum correlation for each grid. While the
threshold of 200 W/m? or lower suggests that the response is limited to the high-
altitude clouds, the threshold of 230/m? or higher implies that the addition of mid-

and possibly lower altitude clouds improves the correlation. For example, Figures
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1f and 2f suggest that the correlations off the northwest coast of South America
involve the response of mid-altitude clouds.

In August, the correlations were maximized in 1 year (Fig 1b) and diminished
afterward (Fig 1c—d). Such lagged responses imply that a positive feedback
mechanism exists behind the GCR—cloud connection. The correlations around
the Indonesian maritime continent further delay (Fig 1c—d), suggesting an impact
through the mechanism involving atmospheric and ocean coupling. Similarly, the
signals around the northern tip of Australia and the northwest coast of South
America in January diminished after 1 year, whereas the correlations around the
Indonesian maritime continent were maximized in 2—3 years (Fig 2c—d).

The maximum variability of the existence ratio of high-altitude clouds over the
GCR cycle is shown in Figures 1j and 2j. The obtained maps indicate that there
are regions where the variability is much larger than expected from the ion
production rate in the tropics (see Fig S12 of [37]), also supporting the existence
of a positive feedback mechanism. For example, while the variability of ion
production rate in the upper troposphere is up to ~20 % around 20-30°N and 20-
30°S in the tropics and is smaller in the lower latitude regions, the variability of
the fraction of days OLR is equal to or lower than 200 W/m? is larger than 20 %

in August around eastern India and Bangladesh, where the mean fraction is
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~40 % (Fig 1e, also see Fig S4 for the time profile), although the corresponding

variability of cloud amount needs further investigations. Note that the

enhancement in the fraction of days with the presence of high clouds as

estimated based on the OLR thresholds may also be caused by the uplift of the

convective cloud system in addition to the increase of cloud amount itself.

Relationship between SST and the GCR cycles

Figure 3a—e indicates the correlation coefficient between SST and GCRs in

August when the most notable correlations were found for cloud activity. Figure

3f exhibits the spatial pattern of SST in August. The figures indicate that decadal-

scale forcing results in a characteristic spatial pattern in the central and western

Pacific. While the SST in the central Pacific tends to be cooled as GCR is

enhanced, especially in the winter hemisphere (Fig 3g), the SST in the

southwestern Pacific tends to be warmed, suggesting that the trade winds over

the Pacific region are intensified at the GCR cycle maxima. This tendency is

consistent with the previously suggested reduced east—-west SST gradient and

the weaker trade winds at the solar cycle minima [5]. However, the response of

SST to TSI, which was suggested as the forcing parameter, delays by 1 year

compared to the case of GCR and was maximized with a lag of 3 years (see Fig
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3h—n). The relationship between SST and SUV is more or less the same for TSI

(see Fig S5) and is peaked with a lag of ~3 years.

The areas showing significant correlations between SST and GCRs with no time

lag were limited to the southern edge of the tropical zone around 20-30°S 100—

130°W (Fig 3a); however, the impacts were expanded and maximized with a lag

of 2 years (Fig 3c). The maximum temperature change around the equatorial

region over the GCR cycle was as large as 1.7 K and was observed at around

160°E—160°W (Fig 3g). Regarding January, the east—west contrast was less well

structured. However, the maximum change around the region reached 2.1 K (see

Fig S6). This region is often characterized by the EI Nifio modoki events [46] and

has been examined using the Nifio 4 index, one of the indices of the El Nifio—

Southern Oscillation. Although the Nifio 4 index is derived based on the SST over

the region wider than those indicating correlations to GCRs, and thus the

correlation coefficient between Nifio 4 and GCRs is relatively lower, the lead-lag

analysis supports that the decadal component of SST in this region lags that of

GCRs by about 2 years (see Fig S7a-b).

Figure 3c,g indicates that the areas showing correlation with GCRs include the

Bering Sea, which is within the region characterized by the Pacific Decadal

Oscillation [47], and that the correlations become maximum with a lag of 2 years.

10
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The lead-lag analysis between the Pacific Decadal Oscillation index and the

GCRs shows that the correlation becomes maximum when the lag is about 2-3

years (see Fig S7c—d), supporting that the decadal component of the Pacific

Decadal Oscillation also lags that of GCRs.

In the cases the decadal components of the Nifio 4 and the Pacific Decadal

Oscillation indices were compared to the tropical high-altitude clouds, correlations

were observed with a spatial pattern similar to those of Figure 1a—b; however,

they were maximized when the lag was -2 to -1 years (see Figs S8 and S9),

supporting that the decadal components in the Pacific Decadal Oscillation and

the Nifio 4 indices lag those of tropical cloud activities. Note that the direct

comparison between the Nifio 4 index and the Pacific Decadal Oscillation index

shows that they are linked with an occasional lag of up to 1 year (see Fig S7e—f).

Relationship between the surface pressure, zonal/meridional winds, and

GCR cycles

The comparison between the surface pressure and GCRs (Fig 4a—f) indicates

increased pressure around the southern edge of the tropical zone in the Pacific

(Fig 4a), and the impacts are further intensified and expanded toward the

northern hemisphere in 1-2 years (Fig 4b—c). On the contrary, the tropical regions

11
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between 120°W and 100°E indicate a tendency of decreasing pressure for the

higher GCR, especially over the oceans. The zonal and meridional wind speed

compared with GCRs suggests a possible intensification of trade winds or a

westerly migration of the deep convection core around the western Pacific,

especially in the northern hemisphere (see Fig S10). When the pressure data

were compared with TSI, slightly different behaviors were recognized (Fig 4g-1).

One is the absence of immediate response (Fig 4g), and the other is the 1-year

delay in the signals (Fig 4h—j) compared with the case for GCR (Fig 4a—c).

Discussion

Although the impacts of solar cycles on climate have so far been mostly

discussed under the framework of the “top-down” or “bottom-up” mechanisms

described earlier, the present results suggest that another mechanism is

possible: “deep-convective-clouds-mediated” mechanism through the influence

of GCRs on the development of deep convective clouds, and their impact on

atmospheric circulation and SST gradient.

The monthly-resolved high-resolution data allowed us to identify the areas

where high-altitude clouds are responding to GCR variations and to understand

12
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the possible contributing factors determining their susceptivity, although high-

resolution analyses might fail to capture the responses of the clouds that are not

stationed and randomly advected after being formed or those whose locations

are under the influence of other interannual variations such as the El Niho—

Southern Oscillation. Significant positive correlations were found in tropical

regions; however, they were concentrated over land and nearby oceans,

suggesting the importance of any of or all the following factors: (1) the presence

of relatively deeper convections compared with oceans, (2) the abundance of

continental aerosol precursors for ions to produce aerosols, and (3) a more

pronounced diurnal cycle over lands (see below). Most notable correlations were

found in August around West and Central Africa, India and Bangladesh, the

northwest coast of South America, and the proximate oceans, with a lag of 0—1

years (Fig 1a—b). The correlations around eastern India and Bangladesh suggest

that the sea breezes blowing toward elevated mountains may also contribute to

creating an environment in which cloud formations become sensitive to GCRs.

They uplift a substantial amount of water vapor and aerosol precursors to the

upper troposphere, similar to deep convection. The signals around the northwest

coast of South America in January (Fig 2a—b) and in the southern Brazil in

February (see Fig S11) may also be related to the same mechanism. Even though

13
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convective cloud formation is active over Brazil in austral summer, the

correlations were not significant except for the areas facing oceans, thus

suggesting the importance of marine aerosol precursors for the impact of ions.

The more pronounced impact in August, compared with January, can be

associated with the relatively low pressure around the convective areas in August

(Fig 4e, also see Fig S12), which provides ideal conditions for supplying water

vapor and aerosol precursors to the upper troposphere. In other words, the

overlap of the Intertropical Convergence Zone (ITCZ) with the continental areas

could be the key to strengthening the GCR-cloud connection. The significant

northward excursion of ITCZ from the geomagnetic equator in August also

contributes in terms of the magnitude of the variability in ion production rate. As

also mentioned in the Results section, the variability of the abundance of GCR-

induced ions is greater at higher latitudes, especially at high altitudes (see Fig

S12b of [37]); thus, the excursion of ITCZ significantly increases the encounters

between ions and aerosol precursors. The lower pressure in August also

contributes to the higher GCR flux in the troposphere due to the reduced

barometric effect [48,49], although the associated enhancement is only a few

percent. The more significant impact in August may also be related to the

seasonal variability in the emission of organic compounds from biogenic activities,

14
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the precursory materials for the aerosol formation [43,50]. For example, the flux

of dimethyl sulfide is maximum in the northern hemisphere from July to

September and is especially enhanced around the north part of the Indian Ocean,

near the continental areas [51].

Although the climatological condition is similar for July and August, the

correlations between high clouds and GCRs are significantly different. The impact

in July is sparse and not notable for a lag of 0-1 years (see Fig S13a—b), while

correlations become pronounced around the Indonesian maritime continent for a

lag of 2-3 years (see below). The possible explanation for the relatively weaker

response in July may be related to the influence of the updrafted preexisting

aerosols masking the impact of GCRs. For example, the abundance of mineral

dust in northern Africa is maximum in June and starts to decrease in July [52]. It

has also been reported that the aerosol optical depth in northern India is

maximum in May and that it starts to decrease in July [53]. Further examinations

are, however, needed to confirm the impact of preexisting aerosols.

The tendency of the decreased pressure peaking with a lag of 1 year around

tropical zones except for the Pacific region (Fig 4a—c) can be related to the

activated formation of deep convective clouds, and it may be causing positive

feedback to the promotion of cloud activity by the GCRs. It has been suggested
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that the enhancement of aerosols may strengthen deep convection by increasing

freezing water droplets and releasing latent heat [54]. The synchronized

activation of convections over land in tropical regions may result in a tendency of

decreased pressure around the area. Please note that while the correlations

between clouds and GCRs were observed most significantly at the high altitudes,

the process behind the intensification of deep convective cloud activities may also

act at the middle layer of deep convective clouds. As mentioned in the

Introduction, deep convection may transport the newly-formed cloud

condensation nuclei to the lower altitudes.

The pressure decrease is more prominent over oceans and is significantly

weaker over land (Fig 4b), and this might be related to the more pronounced

diurnal cycle over land [55], which may mask the signals of the transient pressure

decreases in monthly averaged data. However, the diurnal cycle over land is

probably playing an essential role in sustaining convective activity and supplying

aerosol precursors to the upper troposphere, even under enhanced cloud

formation. In fact, the precipitation pattern indicates increased precipitation

around the areas where high-altitude clouds are increased (see Fig S14),

supporting this tendency. Increased precipitation might also contribute to

removing preexisting aerosols from the atmosphere.
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The changed pressure gradient may then affect atmospheric circulation (see Fig

S10), allowing the change in the SST gradient over the Pacific Ocean (Fig 3a—e).

The reduced formation of high-altitude clouds over the western Pacific (Fig 1a—

b) can be associated to the westward relocation of deep convections around the

area. Low-altitude clouds, instead, are likely increased around the western Pacific

(see FigS15g-h), consistent with the previously found correlation between GCRs

and low-altitude clouds in this region [34]. It is worth noting that this is a region of

typhoon generation. While more high-altitude clouds are expected for the higher

GCR flux around the areas where hurricanes are generated, less typhoon activity

is predicted for the higher GCR flux.

The westward extension of trade wind over the Pacific eventually warms the

ocean around Indonesian maritime continent and off the northeast coast of

Australia, and this warmth is maximized with a lag of 2-3 years (Fig 3c—d). The

enhancement of high-altitude clouds around the area with a lag of 2-3 years can

be related to this increased SST. The correlation between the GCRs and the SST

in the northern part of the Pacific Ocean with a lag of ~2 years suggests that the

altered atmospheric circulation pattern may also eventually contribute to

modulating the Pacific Decadal Oscillation, although the mechanism behind the

connection to the Pacific Decadal Oscillation remains unknown and thus needs

17
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further examination.

The responses of atmospheric circulation and SST to the GCR cycles are similar

to those suggested as a response to TSI cycles in previous studies; however,

there are two notable differences. The first is the overall delay in the signals in

the case compared with TSI (Fig 3h—| and Fig 4g—j), consistent with the ~1-year

delay of GCRs to TSI, and the second is the warmth of the eastern Indian Ocean

as an immediate response to TSI (Fig 3h and 3n). This feature, however,

contradicts the weakening of the easterly wind in the western Pacific and the

cooling tendency around the region suggested for the TSI maxima, as seen for

the lag of 2—4 years (Fig 3j—I). Instead, it is more likely that this signal is related

to the positive response to GCR with a lag of ~4 years (Fig 3e), which is a remnant

of the impact around the Indonesian maritime continent (Fig 3d). In other words,

a pseudo negative response with a five-year lag is expected for the case of TSI

due to the delay of GCR to TSI by ~1 year. However, five years are nearly 180

degrees of a decadal solar cycle, thus resulting in the apparent immediate

positive response to TSI (Fig 3h).

The possible solar influence pathway on climate systems through the variation

of GCRs can be summarized as follows. First, GCRs impact the deep convective

cloud activities in the tropics, primarily over the land areas, resulting in a decrease

18
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in pressure around the area, possibly giving positive feedback to cloud formation.

Second, the reduced pressure changes atmospheric circulation and the SST

pattern over the Pacific. Finally, the altered SST pattern activates the high-altitude

cloud formation around the Indonesian maritime continent. Note that although the

suggested characteristic response of clouds to GCRs seems to support the

existence of GCR’s impact through the formation of aerosols, it is possible that

they also affect clouds by the other paths, such as promoting the collisions

between aerosols and cloud droplets [28—30]. Further investigations are needed

to quantitatively understand the mechanisms of GCR’s impact on the deep

convective cloud activities, possibly through multiple paths.

It is noteworthy that no correlation was observed around the eastern Pacific

region, where the El Nifio—Southern Oscillation is most prominent. It was,

however, found that the areas showing response to GCRs include the regions

where periodic behaviors are often observed in SST, such as El Nifio Modoki, the

Indian Ocean Dipole, and the Pacific Decadal Oscillation. It is, therefore, possible

that the GCRs may enhance the variability of the decadal component in such

periodic behaviors, but with a few years of time lag. Further investigations on the

proposed impacts of GCRs on cloud activity and atmospheric circulation may

shed light on the variability or the phase changes of the decadal-scale
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Figure 1. (a—d) Correlation coefficient r (p < 0.05) between the existence ratio of
high-altitude clouds and GCRs in August for a time lag of 0-3 years. (e) Fraction
of the days OLR is < 200 W/m? in August. (f—i) OLR ranges that yielded the
maximum correlation coefficients in (a—d). (j) Maximum variability of the existence

ratio of high-altitude clouds over the GCR cycles.
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378  Figure 4. (a—d) Correlation coefficient r (p < 0.05) between surface pressure and

379  GCRs in August for a lag of 0-3 years. (e) Monthly mean pressure reduced to the

380 mean sea level for August. (f) Maximum variability of surface pressure over the

381 GCR cycles. (g-1) Same as (a—f) but for TSI.
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Methods

To examine the response of high-altitude clouds to GCR decadal cycles, we
utilized a daily record of OLR [56] with 1° x 1° resolution for Jan/1979-Dec/2021.
OLR reflects the existence of high-altitude clouds, although only for low-latitude
regions. We calculated the fraction of the days OLR is equal to or lower than a
threshold value for each month. We produced four time series for each grid with
a threshold value: 170 W/m?, 200 W/m?, 230 W/m?, and 260 W/m?, respectively.
They were then compared with the GCR variation to derive the Spearman’s
correlation coefficient. The maximum correlation coefficient among the four cases
and the corresponding threshold were displayed on the maps. In the tropical
regions, if the maximum correlation was obtained with the threshold of 200 W/m2,
it implies that high-altitude clouds (cloud top pressure < ~440 mb) are most
sensitively responding to GCRs. On the other hand, if the maximum correlation
was obtained with 230 W/m2, it suggests that adding mid-altitude clouds (~440
mb < cloud top pressure < 680 mb) improves the correlation.

The response of clouds to GCR may accompany some time lags; therefore,
correlations were examined for lags between 0 and 3 years. To estimate the
correlation coefficient at a lag of zero years, the correlation coefficients for -2
years (GCRs lag cloud variation with two years) to 0 years (no time lag) were
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calculated, and only the cases correlation was maximized at 0 years were

displayed. For the zero-year lag, the cloud data were compared with the monthly

mean GCR flux and with the yearly mean for a lag of 1 year or longer. For the

grids where the high-altitude clouds were absent or 100% for more than fifty

percent of the analyzed years, we excluded them from the analyses. With the lag

and threshold that yielded the maximum correlation coefficient, we estimated,

based on the regression line, the maximum variability of high-altitude clouds over

the GCR cycles, i.e., the variability for 1987-1990 when GCR variation was at its

maximum. For the GCR variation, the neutron monitor data for Jan/1953—

Nov/2006 obtained at the Climax station (http://crO.izmiran.ru/clmx/main.htm) and

those for  Apr/1964—Dec/2021 obtained at the Oulu station

(http://cr0.izmiran.ru/oulu/main.htm) were used. The daily data were normalized

and averaged to obtain the monthly means. Prior to the analyses, the long-term

trends were subtracted from the cloud and GCR data to concentrate on the

decadal-scale variations.

We also analyzed the ISCCP-HGM series provided by the International Satellite

Cloud Climatology Project [57] to validate the response of OLR to GCRs. We

used the monthly data of high (< 440 mb) and low (> 680 mb) cloud fractions for

July/1983—-June/2017.
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For the examination of the response of SST, we used the NOAA Optimum

Interpolation SST V2 data provided by NOAA/OAR/ESRL PSL [58]. We used the

1-degree grid data for Dec/1981-Dec/2021. We also used the Nifio 4 index [59]

and the NCEI Pacific Decadal Oscillation index [60]. To analyze the response of

surface pressure, zonal wind, and meridional wind, we used the JRA-55

(Japanese 55-year Reanalysis) data of monthly mean pressure reduced to mean

sea level with 1.25° x 1.25° resolution [61]. We only used data from 1979 when

the observational data was substantial and the reliability was high [62]. For the

precipitation analysis, we used CMAP monthly mean precipitation data with 2.5°

x 2.5° resolution [63].

To examine the responses of SST and atmospheric data to TSI, the NOAA

Climate Data Record of TSI [64] was used. As an index of solar UV, NOAA

adjusted the solar radio flux at 10.7cm

(https:/Nlasp.colorado.edu/lisird/data/noaa_radio_flux/) were combined with the

Penticton radio flux data for May/2018 to present

(https:/Nlasp.colorado.edu/lisird/data/penticton_radio_flux/).

Note that the data from Jun/1991 to May/1993 were excluded from the analyses

so that the possible impacts from the eruption of Mt. Pinatubo in 1991 are

eliminated.
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respectively. The NOAA Ol SST V2 data are provided by NOAA/OAR/ESRL PSL

on their website: https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html.

Japanese 55-year Reanalysis data are available at

https://rda.ucar.edu/datasets/ds628.1/. The ESRL/NOAA Nifio 4 index is

available at https://psl.noaa.gov/data/correlation/nina4.data. The NCEI Pacific

Decadal Oscillation index is available at

https://www.ncei.noaa.gov/access/monitoring/pdo/. CMAP Precipitation data are

provided by NOAA/OAR/ESRL PSL on their website:

https://psl.noaa.gov/data/gridded/data.cmap.html. The NOAA Climate Data

Record of TSI are available at

https://www.ncei.noaa.gov/access/metadata/landing-

page/bin/iso?id=gov.noaa.ncdc:C00828. The data of NOAA adjusted solar radio

flux at 10.7cm is available at

https://lasp.colorado.edu/lisird/data/noaa radio flux/. The Penticton radio flux

data are available at https://lasp.colorado.edu/lisird/data/penticton_radio_flux/.
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