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This study examines the relationship between cosmic rays and clouds during Forbush decreases (FDs) to un
derstand the cause-effect relationships between cloud microphysics, cloud condensation nuclei (CCN), and
ionisation in the atmosphere. The results of a Monte Carlo analysis of cloud parameters during FDs, which were
obtained using newly calibrated satellite data (Pathfinder Atmospheres Extended (PATMOS-x)) from 1978 to
2018, show the connections between some cloud parameters and FDs. For context, FD is the event where the
number of cosmic rays arriving in the atmosphere decreases and recovers over several days. Other studies have
shown that FDs impacted the cloud fraction, aerosol optical depth, CCN, water content, and cloud effective
radius (reff) in the atmosphere. Using the Monte Carlo analysis, nine atmospheric parameters from the dataset
were evaluated and exhibited a significant response to FDs. Each added FD event (after the first event) reduces
the noise, but only the strongest events add a significant signal (exceptionally when the 2nd and 5th rank FD data
are added, the signal/noise ration dropped due to a change in the satellite version). We found that cloud fraction
shows statistically significant signals following FDs at an achieved significance level of 0.33%. Cloud emissivity
also showed highly significant signals from the analysis; however, these cannot be classified as physical causes of
FDs since the response starts a week before the FDs. In contrast, the cloud optical depth, integrated total cloud
water over the entire column, and reff did not show any significant signals in the frameworks of the applied
methods. The top of the atmosphere brightness temperatures (TABTs) at nominal wavelengths of 3.75, 11.0, and
12.0 μm were analysed again along with surface BTs and showed significant signals. The estimated changes in the
BT were determined using a radiative transfer model (Fu-Liou model) and showed consistent results with the
observed changes in cloud parameters during FD events. Among the analysed several atmospheric/cloud/aerosol
parameters, cloud fraction and TABT at nominal wavelengths of 3.75, 11.0, and 12.0 μm are the only parameters
depicting a statistically significant and correct-phase response to FDs.

1. Introduction
The interactions between aerosols and clouds are not fully under
stood yet. They affect each other in the atmosphere during cloud for
mation, particle nucleation process, or aerosol number concentration.
Ions have been shown to promote the formation and growth of aerosols
and are thus one of the key factors elucidating the aerosol-cloud rela
tionship (Wagner et al., 2017; Kirkby et al., 2016; Tomicic et al., 2018;
Lehtipalo et al., 2016). Initially, the relationship between cosmic ray
clouds, aerosols, and other parameters was investigated over long
timescales of at least several years. Long-term studies are crucial for a
deeper understanding of the Earth’s climate. Meanwhile, separating the
effects of galactic cosmic rays (GCRs) from other factors is difficult and
can potentially change cloud parameters, such as solar UV effects, at
mospheric circulation changes, and trends in other climate effects. These

can sometimes appear as noise and conceal small signals by GCRs
because of close correlation. (Todd and Kniveton, 2004; Voiculescu
et al., 2006). Hence, another approach is adopted here to distinguish the
noise generated on a long timescale with potential signals from GCRs.
The sudden reduction of GCRs coming to Earth is known as Forbush
decreases (FDs). FDs are natural temporal variations in cosmic radiation
on a timescale of a few days, with a recovery time of about eight to 10
days (Forbush, 1937). FDs are caused by heliospheric magnetic shock
and turbulent magnetic fields, following a coronal mass ejection (CME)
from the Sun that scatters GCRs. In this study, we investigated the
behaviour of clouds during short-term changes in atmospheric ionisa
tion caused by GCRs controlled via solar activity. Changes in the GCR
flux, 10.7 cm solar radio flux, soft X-rays, ultraviolet radiation, and
cloud cover using satellite cloud data sets have previously been
compared (Tsubota, 1995; Udelhofen and Cess, 2001). Monthly means
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of cloud cover at different altitudes, as defined by the pressure (high:
<440 hPa, middle: 440–680 hPa, low: >680 hPa) measured from the
International Satellite Cloud Climatology Project (ISCCP) and Climax
Neutron Monitor data from 1980 to 1995, were also investigated. A
correlation between cloud cover at low altitudes and GCR fluxes was
observed, and the geographical region factor supported ideas that the
cosmic ray effect is varied for each region (Marsh and Svensmark, 2000;
Voiculescu and Usoskin, 2012). The lack of correlation with cloud cover
at higher altitudes is not fully understood. Todd and Kniveton (2001)
found strong signals between the GCR flux, global precipitation, and
precipitation efficiency over the global ocean at mid to high latitudes
from 1979 to 1999. In other studies, a relationship between cosmic rays
and cloudiness was only observed for marine clouds at mid-latitudes
(Kristj’ansson & Kristiansen, 2000; Voiculescu et al., 2013). Sun and
Bradley (2002) found no conclusive relationship between cosmic rays
and cloud cover at low altitudes in both ground and satellite-based cloud
data. Similarly, Laken and Čalogović (2011) found no significant link
between cloud cover in the low (0.0–3.2 km), middle (3.2–6.5 km), and
high (≥6.5 km) troposphere and at different latitudes with changes in
the total solar irradiance (TSI), GCRs, or UV flux.
These studies inspired further research to deepen the understanding
of how ionisation by GCRs affects aerosol behaviour, which are the
precursors to clouds (Tinsley and Heelis, 1993; Nicoll and Harrison,
2010). An experimental study was conducted on the role of ionisation in
a controlled reaction chamber, replicating the atmospheric conditions.
This experiment showed that the amount of newly produced aerosol
particles (d~3 nm) was proportional to negative ion density (H.
Svensmark et al., 2006). In the real atmosphere, however, the effective
size of cloud condensation nuclei (CCN) is typically larger than 50 nm.
Therefore, another project using an 8 m3 reaction chamber (SKY2) was
conducted to empirically investigate the effects of ions on CCN forma
tion. This experiment provided supportive evidence that an ion mech
anism facilitates growth of newly nucleated aerosols to CCN sizes in the
pure air (Svensmark et al., 2013). The Cosmics Leaving Outdoor Drop
lets (CLOUD) experiment has provided direct measurements of molec
ular compositions from single molecules to stable compositions, thereby
providing further details regarding the effects of ionising radiations on
aerosol formation (Kirkby et al., 2011). Several studies have revealed
the support ionisation effects on cloud physics (Tinsley, 2000; Tinsley
and Deen, 1991). A subsequent study (H. Svensmark et al., 2017)
revealed the physical mechanism of how ions affect t h e growth of
aerosols in various stages (from nucleation to those exhibiting sizes >20
nm), demonstrating an agreement between theory and experiments.
The effect of FDs has been studied using different materials and
methodologies in previous works. Svensmark et al. (2009) as well as
Pudovkin and Veretenenko (1995) found a connection between several
parameters: Cloud water content from the Special Sensor Micro
wave/Imager (SSM/I), cloud cover from the moderate resolution im
aging spectroradiometer (MODIS) and ISCCP, and aerosol optical depth
from the aerosol robotic networks (AERONET) during 26 FD events.
Subsequently, a parameter carrying information on the liquid water
cloud fraction (LCF) was reanalysed by Laken et al. (2009), who
concluded that there was no correlation with FD events. Connections
among the cloud index (CI), cloud occurrence frequency (Occ), extinc
tion data (Ext), and climax neutron monitor data (CNM) were investi
gated over six FD events; however, no link between GCRs and clouds was
found in terms of CI, Occ, or latitude (Rohs et al., 2010). There was
insufficient evidence for correlation of global cloud cover and GCR in an
analysis using selected FD data based on the reduction of GCRs with
energies of 10 GeV (Calogovic et al., 2010). In another instance, the
diurnal temperature range (DTR), which is anti-correlated with cloudi
ness, has been used for a superposed epoch analysis on a set of FDs. The
results showed a significant connection but were restricted to
high-amplitude FDs (Dragi’c et al., 2011). A recent study by Svensmark
et al. (2016) using a Monte Carlo analysis indicated statistically signif
icant results during FD events, for aerosols from AERONET, liquid water

content from SSM/I, total number of high and middle infrared-detected
clouds over oceans from ISCCP, and cloud effective emissivity, cloud
optical thickness with liquid phase, liquid water contents, cloud frac
tion, and liquid cloud effective radius from MODIS. The Earth’s average
net radiative balance change (median value: 1.2 W/m2) has also been
observed using the CERES satellite observations during FDs (Svensmark
et al., 2021).
This research presents an extension of the work by Svensmark et al.
(2016) using different cloud data sets from PATMOS-x, covering the
time period from 1978 to 2018. This will provide a more thorough un
derstanding of the relationships between solar activity, cosmic rays,
clouds, aerosols, and other parameters. By studying natural climate
variations, the impact of human-made climate change can be con
strained further. The overall objective of this research is to investigate
the PATMOS-x data set over a timescale of 36 days whenever FD events
occurred and evaluate the significance level of these signals using a
Monte Carlo analysis, which was similar to that used by Svensmark et al.
(2016). If the PATMOS-x data set also exhibits a significant result for FDs
in relation to the investigated parameters, it will increase the signifi
cance of the previously observed effects of galactic cosmic rays on clouds
and aerosols. Additionally, previously ignored parameters have been
added to the investigation, and the results are presented. The signals of
some of the cloud parameters have been used in a radiative transfer
model, and the output is compared with an analysis of brightness tem
peratures (BTs) during FDs.
2. Data
2.1. Cloud record from the PATMOS-x satellite
This study uses data from the National Oceanic and Atmospheric
Administration (NOAA) satellites, primarily NOAA-15. The NOAA sat
ellite series started with the Polar Operational Environmental Satellites
(POES) in 1970; PATMOS-x is a project aimed at improving the cali
bration techniques for cloud parameters of the NOAA data sets, the
Geostationary Operational Environmental Satellite (GOES), and the
European Organisation for the Exploitation of Meteorological Satellites
(EUMESAT) (Heidinger et al., 2014). These satellites circle the Earth 14
times per day, allowing for complete global coverage twice per day in a
sun-synchronous orbit. An Advanced Very High Resolution Radiometer
(AVHRR) sensor is active on two satellites in opposite orbits: one
descending on the moonlit side and one ascending on the sunlit side of
the Earth. This double coverage ensures that the entire Earth is observed
every 6 h. AVHRR is a passive multi-channel scanning radiometer
monitoring the reflected or emitted radiation in the visible and infrared
portions of the electromagnetic spectrum of the same area of Earth’s
surface with the corresponding channel. There are 3 AVHRR genera
tions, and AVHRR/1 series has four channels (0.58–0.68, 0.725–1.1,
3.55–3.93, and 10.5–11.5 μm) that have been operated since 1978 on
NOAA-6/8/10. Next-generation AVHRR/2 series has an additional
channel (11.5–12.5 μm) and exhibits a minor change for one channel
(from 10.5 to 11.5 to 10.3–11.3 μm) since 1981 on
NOAA-7/9/11/12/13/14. The AVHRR/3 series added a channel at
1.58–1.64 μm on NOAA-15/16/17/18/19 and all Meteorological
Operational (METOP) satellites since 1998 (https://earth.esa.int/eoga
teway/missions/noaa). PATMOS-x offers 22 atm products. In this
study, we used cloud emissivity, cloud optical thickness (COT), reff,
cloud area fraction computed over a 3 × 3 array, cloud liquid water path
(LWP), top of the atmosphere brightness temperature (TABT) at nominal
wavelengths of 3.75, 11, and 12 μm, and surface BT. The parameters are
shown in Table 1 and explained in the Results section.
2.2. GCR observation from neutron monitors
Cosmic rays have been routinely monitored since 1951. Groundbased neutron monitors provide recordings of the secondary radiation
2
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2005 as seen in Table 2. Neutron monitor data are from 130
ground-based neutron monitor stations. Multiple cosmic rays’ observa
tions are necessary since a change by a FD cannot be determined because
response is dependent on the altitude and geomagnetic position in each
monitor .
The percentage of ion production decrease was calculated at a lati
tude of approximately 45◦ and a cut-off rigidity of 5 GV. U.S. standard
atmosphere was used to derive the absolute ion production as a function
of height in the atmosphere (Fig. 3 in Svensmark et al., (2016)). In this
study, we used the percentage of ion-production change from 0 to 3 km.
The cosmic ray flux and the percentage decrease in ion production
relative to the decrease in cosmic rays from a solar maximum to a solar
minimum over a solar cycle for cycle numbers 21–23 are described in
Table 2 (Svensmark et al., 2016). Thus, for example, the 119% decrease
in Table 2 implies that for the FD event (October 31, 2003), ion pro
duction decreased by 19% more when the change from a solar maximum
to a solar minimum over solar cycles number 21–23 is set to 100%.
Average ion production change is 0.3 [ion-pairs/s cm3] over 0–3 km
(average ion production at solar maximum is 1.1 and average ion pro
duction at solar minimum is 1.4 [ion-pairs/s cm3]). The change in
ionisation is used instead of NM count rates because the theory inves
tigated works through atmospheric ionisation. The FDs’ strengths from
Table 2 are used for the analysis of the PATMOS-x data set. We also
checked FD events from 1978 to 1986, which are not included in
Table 2, from Svensmark et al. (2016); accordingly, two events strong
enough to compare with the top five strongest FD events are shown in
Table 2. These events occurred on July 14, 1982 and May 18, 1981. The
event in 1982 cannot be used for the analysis because the aerosol dis
tribution in the atmosphere was affected by volcanic activity that year,
as observed from the Mauna Loa Apparent Transmission record (htt
ps://esrl.noaa.gov/gmd/grad/mloapt.html). Furthermore, the event in
1981 cannot be included in the analysis because the data are only
available from the NOAA 6 satellite with AVHRR/1. As such, for our
analysis, we used the data from AVHRR/2 and 3 because AVHRR/1 does
not have the channel for 11.5–12.5 μm, which gives information con
cerning the sea surface temperature. Furthermore, TABT at 12 μm is an
essential factor to derive the surface BT and other cloud parameters in
calibration.
We calculated the signal/noise ratio as a function of the number of
added FD events from Table 2 (Fig. 1). Thus, the TNF D ranges from one
to 15. The signal (ST NF D) was calculated via the method used for finding
the integrated signal (Eq. (1)), and the noise (NT NF D) is calculated using

Table 1
PATMOS-x parameters.
Parameter
(unit)

PATMOS-x Parameter Name

ε (− )
τ (− )
reff (μm)

Convective cloud longwave emissivity atmosphere
Optical thickness due to cloud
Effective radius of cloud condensed water particles at cloud top
Cloud area fraction
Integrated total cloud water over whole column
Top of atmosphere brightness temperature at the nominal
wavelength of 3.75 μm
Top of atmosphere brightness temperature at the nominal
wavelength of 11.0 μm
Top of atmosphere brightness temperature at the nominal
wavelength of 12.0 μm
Surface brightness temperature

CF (− )
LWP (g/m2)
TABT3.75 (K)
TABT11 (K)
TABT12 (K)
BT (K)

in the atmosphere related to primary cosmic rays. The energy of the
penetrating cosmic rays varies across latitudes (cut-off rigidity). First,
these primary cosmic rays penetrate the geomagnetic field and become
secondary cosmic rays, thereby resulting in a cascade of new particles
that, among other things, ionise the atmosphere. This study aims to
investigate FD effects which cause sudden decreases in the number of
cosmic rays on clouds through reduced ionisation; the primary cosmic
ray spectrum that passes through the atmosphere is crucial. In this study,
we used data from different neutron monitors for calculating the pri
mary cosmic spectrum changes to determine the changes in ionisation
throughout Earth’s atmosphere, thereby calculating the strength of the
FDs in Svensmark et al. (2016). The reason for the usage of the FD
strength based on atmospheric ionisation changes caused by cosmic ray
spectrum is that the ionisation of the lower atmosphere change impacts
the atmosphere/cloud/aerosol. Thus, determining the FD strength or
ders based on ionisation is important for investigating the effects of
cosmic rays on the atmosphere/cloud/aerosol from all other factors,
such as the nucleation process or aerosol particle growth affected by
ions. However, this will not produce the same results with the standard
definition of FD, for example the Space Weather Prediction Centre
(SWPC) in IZMIRAN data of FD magnitude for particles with 10 GV ri
gidity (%) is shown in Table 2 Svensmark et al. (2016) created a list of
the FD events’ strengths based on their impact on atmospheric ionisation
by modelling the ionisation changes caused by the cosmic ray spec
trums. FD events are extracted using a threshold of 7% change of fluxes
in cosmic rays in the South Pole neutron monitor between 1989 and

Table 2
Fifteen strongest FD events from 1987 to 2007, according to Svensmark et al. (2016). The magnitude of the FD rank order is presented in the first column. Each date of
minimum cosmic ray flux is shown in the second column. The third column shows the percentage decrease in ion production owing to FDs relative to the decrease in
cosmic rays from solar maximum to solar minimum over a solar cycle (0.3 [ion-pairs/s cm3]). Parameters A and Y are obtained by the power law fit in δnk= -Ak PYk ( δnk
: relative change of the primary spectrum for a sample FD event. Ak: amplitude. PYk: measured in gigavolts with Yk is determined by least squares fit. The strong FD
event of 31 October 2003 shows the following parameters: A = 229 and Y = -0.87 (Svensmark et al., 2016). The change from solar maximum to solar minimum is
represented by these parameters: A = 336 and Y = -1.10.). Fifth column shows an upper/lower uncertainty in A. The available PATMOS-x satellite for each FD is noted
in the seventh column (after the 6th rank of FD event, it shows only the satellite used for signal/noise ratio analysis). After 2007, strong FD has not occurred. The last
column shows the Space Weather Prediction Centre (SWPC) in IZMIRAN data of FD magnitude for particles with 10 GV rigidity.
Order

Date

Decrease (%)

A

± δA

Y

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

October 31, 2003
June 13, 1991
January 19, 2005
September 13, 2005
March 15, 1989
July 16, 2000
April 12, 2001
October 29, 1991
July 9, 1991
November 29, 1989
November 10, 2004
September 26, 2001
March 25, 1991
July 17, 2005
September 25, 1998

119
87
83
75
70
70
64
56
54
54
53
50
48
47
45

229
121
273
233
93
131
153
83
84
173
95
203
82
147
123

10/9
4/4
16/15
34/33
14/12
7/7
12/1
4/4
4/4
13/12
8/8
16/15
15/13
14/13
45/33

0.87 ±
0.74 ±
1.09 ±
1.07 ±
0.72 ±
0.86 ±
0.96 ±
0.76 ±
0.78 ±
1.08 ±
0.84 ±
1.18 ±
0.82 ±
1.07 ±
1.01 ±

3

0.02
0.01
0.02
0.04
0.06
0.02
0.03
0.02
0.02
0.03
0.04
0.03
0.07
0.04
0.14

Available satellite

IZMIRAN:MagnM(%)

NOAA15,16,17
NOAA11
NOAA15,16,17
NOAA15,16,17
NOAA11
NOAA14
NOAA15
NOAA11
NOAA11
NOAA11
NOAA15
NOAA15
NOAA13
NOAA15
NOAA11

28 (October 29, 2003)
20.4 (June 12, 1991)
10.4 (January 21, 2005)
13.2 (September 11, 2005)
20.4 (March 13, 1989)
13.5 (July 15, 2000)
13.7 (April 11, 2001)
17.8 (October 28, 1991)
10.5 (July 8, 1991)
15.2 (November 27, 1989)
8.6 (November 9, 2004)
8.9 (September 25, 2001)
22.1 (March 24, 1991)
4.1 (July 16, 2005)
8.7 (September 24, 1998)
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Table 3
Terms and definitions.
Term

Definition

m
m
NB
d
t
F (t)
U(t)
wi
FDj
NFD
FW(t)
Bij(t)
i
j
BWj(t)

Daily global weighted average for each parameter
Daily data for each grid
Number iteration of random sampling
Denotation of time
time [day]
FD unit (36 days)
Random sample unit (36 days)
Weight coefficient from FD event’s strength
Strength of an FD event
The number of FD event
Weighted sum of the FD units
Monte Carlo analysis sample unit
Denotation of sample unit
Monte Carlo analysis sample number
Monte Carlo analysis sample unit, consisting of NF D sample units

(
Fig. 1. Signal/nose ratio for the number of added FDs from 1st to 15th rank.
Parameter: cloud fraction.

∑1800
y=1

STNFD =

NB
1 ∑
BSj − BSj
NB j=1

)

π

180θY

(3)

16 ), x(t− 15 ), ..., x(t19 )

(4)

The 36-day time series including an FD event is:
F(t) = x(t−

16 ), x(t− 15 ), ..., x(t19 )

(5)

If over five days of data points in a U(t) were missing, the time series
U(t) was excluded from the analysis. When the missing data were below
five days, a linear trend between t− 16 and t19 was calculated using the
least squares method, thereby ignoring the missing data points. Inter
polated data were linearly substituted for the missing data points be
tween bounding points. After this process, the trend was removed from
the 36-day time series. For example, seasonal temperature trends or
solar cycles are approximately linear on a 36-day time scale and can thus
be removed.
The strongest FD events, according to Table 2, are superposed. Each
event can be given different weights. Three weight distributions were
used by Svensmark et al. (2016), but no critical differences were found
in the results when using different weights. Therefore, we use the weight
from Eq. (6), where the weight of each FD is based on the total strength
of the FD from Table 2.

(Fi (t) : FD unit (36 days) with index i for sample unit).
BSj is mean value of BSj.
(

COS

1800

U(t) = x(t−

i=1

NNFD =

)
π

180θY

(

(θy is latitude from 0 to 180◦ with a 0.1◦ interval.)
Monte Carlo analysis (Efron and Tibshirani, 1994): To evaluate the
signal’s significance during FDs, 10,000 (NB) random 36-day time series
were formed, following the same procedure as that adopted by Svens
mark et al., (2016) using random sampling with the replacement
method. A date, t0, is defined as the date of minimum cosmic ray flux
during the FD; time series is described as td, where d is between − 16 and
19. Therefore, the total number of days is 36 (t = [t0–16, t0 +19]). The
entire reference time series is denoted as G(t), and any time series
containing an FD event is defined as an FD unit, F (t). We used the entire
data set from October 26, 1998 to December 31, 2018. The random
sample 36-day time series from G(t) is:

(1)

Fi (t)wi

my ∑

m=

10,000 random samples from the reference time series (Eq. (2)). First,
the strongest FD is used and stored as an integrated signal. Then, the
second strongest FD time series is added to the strongest FD event and
another integrated signal is calculated and stored. This addition process
is continued until the 15th rank FD event. Each added event reduces the
noise, but only the strongest events contribute to any significant signal.
When the 2nd and 5th rank FD data are added, the signal/noise ratio
declined from the 1st to 7th FD events. These ratio descents occurred
when FD events from NOAA11 were added. This may indicate that
NOAA11 has an irregular response to detection of cloud parameters,
since this satellite is the oldest version among other satellites used for
this analysis. When over 7 FD events are added, the signal/noise ratio
decreases as the events become too weak. Therefore, the analysis is
focused on the five strongest FDs (Svensmark et al., 2016). Here, NFD
ranges from 1 to 15.
TN
FD
∑

COS

)2 )12
(2)

(NB : Number iteration of random sampling. BSj : Monte Carlo analysis
sample unit.)
3. Methods
The data processing and Monte Carlo analysis methods conducted in
this project are described below. Used terms are defined in Table 3.
Global data analysis: The original data set (mxy) was obtained using a
0.1◦ × 0.1◦ grid cell with an 1800 × 3600 matrix, where x is the
longitude axis from 1 to 3600 and y is the latitude axis from 1 to 1800.
∑3600
mxy
x=1
First, the longitude average (m‾y) was calculated as 3600
. To generate
a daily global weighted average for each parameter m‾, a latitudinal
area correction was applied to Eq. (3). The weighted averages of the
ascending and descending datasets were calculated separately and uni
fied later.
Data points with over 30% of the global grid data missing were
excluded from the analysis.

FDj (strength)
wi = ∑NFD
j=1 FDj (strength)
wi =

1
for i = [1, 2, ..., NFD ]
NFD

(6)
(7)

(FDj is the strength of an FD event; NFD is the number of FD events.)
The weighted sum of the FD units then becomes the following:
NFD
∑

FW(t) =

Fi (t)wi
i=1

4

(8)
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It is believed that the growth of new aerosol particles into CCN in the
atmosphere lasts from a few days to a week, depending on atmospheric
conditions (Kulmala et al., 2004). After an FD event occurs, the number
of cosmic rays in the atmosphere suddenly decreases and then gradually
recovers after 1–2 weeks. To evaluate the signal during an FD, exami
nations performed at either a maximum or minimum peak value are not
sufficient as these values can be influenced by daily fluctuations. As
such, effects visible in the data for at least a week after the FD event has
occurred should be appropriately considered. Therefore, we integrate
the signal by using the time from ta = t0 + 1 to tb = t0 + 9, where t0 is the
day of the minimum GCR. In contrast, Svensmark et al. (2016) used t0+
3 and t0 + 13. A few days difference in an integrated area does not
critically affect the results, as the peak part of the signal is commonly
included.
The final step is to determine the performance of statistical analysis,
which in turn is used to investigate the significance level of a signal for
each parameter in the prepared data set. The Monte Carlo analysis is a
method used for assigning measures of accuracy to statistical estimates.
The procedure has been explained in detail by following the method
used by Svensmark et al. (2016) and Efron and Tibshirani (1994).
Bij(t) represents the Monte Carlo analysis sample permutation of the
Fi(t) series. Here, i denotes the sample unit number (1, 2 … NFD), and j is
the sample number (1, 2, … NB). In the case with PATMOS-x, NFD is five
since five FD events were used, and NB is set to 10,000 to achieve suf
ficient statistical reliability. The weights (wi) are applied to each sample
unit as follows:
NFD
∑

BWj (t) =

For integrated signals:
ASLBoot = 1 −

i=1

(BWj(t) is the sample unit, consisting of NFD sample units, such that it
corresponds to the collection of FD units.) The period to integrate is
determined by the selected day ta and tb, which is decided according to
signal duration:
tb
∑

BSj = BWj (t1 ), ...BWj (t2 ) =

BWj .

(10)

t=ta

The test statistic is defined as the difference between the measured
value for the time series and the expectation values of the NB samples:
DBWj (t) = BWj (t) −

NB
1 ∑
BWj (t)
NB j=1

(11)

For the integrated data points:
DBSj = BSj −

NB
1 ∑
BSj
NB j=1

(12)

The FD units have undergone the same process:
XFW(t) = FW(t) −

NB
1 ∑
BWj (t)
NB j=1

(13)

The integrated signal is:
NB
1 ∑
XFS = FS −
BSj
NB j=1

(16)

Although data from several satellites have been used in the time
series, including an FD, we have used only NOAA 15 data from 1998 to
2018 (G(t)) for the Monte Carlo noise analysis. The scatter plot and
histogram shown in Fig. 2 describe the variability of PATMOS-x from
satellites NOAA 11,15,16, and 17, which use the same AVHRR instru
ment to detect clouds. The NOAA 15 shows the largest standard devia
tion, and as this is used as a primary data set for the Monte Carlo analysis
test, the significance level of eventual signals is evaluated under the
most demanding conditions.
Note that as all satellite periods covering FDs are used to detect
signals; thus, there are sometimes multiple satellites covering the same
FD, implying that there are 11 observations in total during the five
strongest FDs (Table 2). These 11 FD observations are not independent
events, as they refer to three different satellites viewing the same FDs for
three events, which are FD ranks 1, 3, and 4. We compared NOAA15, 16,
and 17 satellites covering the same FDs for strength ranks 1, 3, and 4
with different parameters. This is shown in Figs. 3–5 (each figure shows
a single FD event). Cloud emissivity and cloud fractions computed over a
3 × 3 array are similar for all three satellites. However, other parameters
vary more, especially data from NOAA 15 satellite which exhibit more
variability than others. The daily sigma was calculated from 10,000
randomly sampled 36-day data sets, whereby the sigma level is noted in
figures with dashed lines. This result is observed owing to the removal of
the linear trend of each time series, which causes some parts of the data
sets to be moved more than others; it is most evident in data sets with
high uncertainty like AOT in Fig. 6.
A weighted average of the five strongest events is calculated by using
the strength from Table 2 as the weight for each The test parameters are
noted in Table 4. For the superposition, we used only one satellite for
each FD event, but we tested all possible different combinations of sat
ellites using five FD events, as seen in Figs. 3–5 and Table 5. The second
and fifth strongest FD events are covered only by NOAA 11. Thus, there
is no option for other satellites to obtain data during these FD events. For
other FD events, there are only three combinations of FD ranks (1, 3, and
4) and NOAA15, 16, and 17 satellites. The results are shown in Fig. 6.
For the next step, a Monte Carlo analysis is applied for these different
satellite combinations. Details for the Monte Carlo analysis test param
eters are shown in Table 6. Weight coefficient (wi) from Eq. (6), which
considers the strength of an FD and an equal weighting of the F (t), was
used. No significant difference between weights from Eqs. (6) and (14)
was observed; thus, we used wi from Eq. (6) in the following analysis.
The Monte Carlo analysis results are summarised with ASL values in
Table 6. In the result section, we used NOAA 15 and 11 satellites for
discussion because the reference data for calculation of σ and random
sampling in the Monte Carlo analysis both originate from NOAA 15. This
also implies that the analysis to investigate signals from FD has been
conducted with the noisiest reference (see Fig. 2).

(9)

Bij (t)wi

Number of measurements DBSj ≥ XFS
NB

4. Results
(14)

4.1. Cloud emissivity

Finally, the achieved significance level (ASL) is calculated from the
samples (Efron and Tibshirani, 1994). Thus, an achieved significance
level of 1% implies that 1% of the random samples from the reference
data with a long-time scale (from 1979 to 2018) can appear beyond the
change value of the FD event. It also indicates the possibility of the FD
event level not occurring often. Therefore, the ASL implies that the
confidence level is 99% and significance level is 1%:
( )
Number of measurements DBWj t ≥ XFW(t)
ASLBoot (t) = 1 −
(15)
NB

Cloud emissivity is defined as the ratio of the actual emission by a
cloud to the emission of a black body at the same temperature according
to the Planck function. Cloud parameters, such as cloud optical thickness
and droplet size, change this emissivity. An optically thick cloud can be
interpreted as a blackbody that emits radiance near the cloud top. In
contrast, optically thin clouds are considered more transparent for
infrared wavelengths. Aerosols increase the long-wave (LW) emissivity
of thin clouds in the upward and downward directions (Garrett et al.,
2002). Cloud emissivity at a nominal wavelength of 11 μm was deter
mined using the Algorithm Working Group Cloud Height Algorithm
5
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Fig. 2. Integrated data points (DBSj) of the cloud fraction parameter from 1000 random samples using raw measurement data from the NOAA 11,15,16, and 17
satellites. Left: Scatter plot with NOAA 11 (red), NOAA15 (black), NOAA16 (blue), a n d NOAA17 (green). Standard deviation values are 157, 299, 190, and 207,
respectively. Right: Composed histograms with NOAA 11 (red), NOAA15 (black), NOAA16 (blue), a n d NOAA17 (green) in translucent style. The total number of
bins is 50.

Fig. 3. FD rank: 1. Parameters: Cloud emissivity, integrated total cloud water over the whole column, the effective radius of cloud condensed water particles at cloud
top, cloud optical depth, and cloud area fraction computed over a 3 × 3 array. Satellites used: NOAA 15 (blue), 16 (green), and 17 (red). The hatched area is the
integration period for the Monte Carlo analysis set between t1 and t9. The dashed lines 1, 2, and 3 σ are calculated by random sampling from the NOAA15 satel
lite data.

(ACHA) in the PATMOS-x calibration process (Heidinger and Pavolonis,
2009). In Fig. 6, the global average of the cloud emissivity from the
PATMOS-x data is plotted for 36 days. We can observe a decrease in the
emissivity of 0.0079 from the average value (0.68) between t− 15 and t0
after an FD minimum (Table 7). The ASL from the Monte Carlo analysis
is 0.11%. However, the cloud emissivity started decreasing around t− 7,
as shown in Fig. 6. This is before the point depicting the minimum
number of cosmic rays owing to FDs and earlier than the reaction in
cloud fraction. Although cosmic ray flux also started decreasing a few
days before the minimum point, the FDs’ effects do not instantaneously
change the characteristics of clouds. Aerosols take several days to
gradually grow and activate the particle size in CCN depending on

various parameters, including the probability of cloud processing time
or atmospheric material. Thus, the results of the Monte Carlo analysis
between t1 and t9 indicates a highly significant signal during FDs;
however, this might not reflect solely the effects of FDs, thereby
exhibiting a cause-effect connection with other factors that have not yet
been studied.
4.2. Cloud fraction
The cloud fraction is computed over a 3 × 3-pixel (degree) resolution
on the satellite cloud mask arrays at the native resolution, which are
centred on the pixel from the naive Bayesian formulations (Heidinger
6
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Fig. 4. FD rank: 3. Parameters: Cloud emissivity, integrated total cloud water over the whole column, effective radius of cloud condensed water particles at cloud
top, cloud optical depth, and cloud area fraction computed over a 3 × 3 array. Satellites used: NOAA 15 (blue), 16 (green), and 17 (red). The hatched area is the
integration period for the Monte Carlo analysis set between t1 and t9. The dashed lines 1, 2, and 3 σ are calculated by random sampling from the NOAA15 satel
lite data.

Fig. 5. FD rank: 4. Parameters: Cloud emissivity, integrated total cloud water over the whole column, the effective radius of cloud condensed water particles at cloud
top, cloud optical depth, and cloud area fraction computed over a 3 × 3 array. Satellites used: NOAA 15 (blue), 16 (green), and 17 (red). The hatched area is the
integration period for the Monte Carlo analysis set between t1 and t9. The dashed lines 1, 2, and 3 σ are calculated by random sampling from the NOAA15 satel
lite data.
7

H. Matsumoto et al.

Journal of Atmospheric and Solar-Terrestrial Physics 230 (2022) 105845

Fig. 6. FD rank and satellite combination: FD1 with NOAA15, FD2 with NOAA11, FD3 with NOAA15, FD4 with NOAA15, FD5 with NOAA11 (blue), FD1 with NOAA16,
FD2 with NOAA11, FD3 with NOAA16, FD4 with NOAA16, FD5 with NOAA11 (green), FD1 with NOAA17, FD2 with NOAA11, FD3 with NOAA17, FD4 with NOAA17,
and FD5 with NOAA11 (red). Parameters: Cloud emissivity, integrated total cloud water over the whole column, the effective radius of cloud condensed water
particles at cloud top, cloud optical depth, and cloud area fraction computed over a 3 × 3 array. The hatched area is the integration period for the Monte Carlo
analysis set between t1 and t9. The dashed lines 1, 2, and 3 σ are calculated by random sampling from the NOAA15 satellite data.
Table 4
Monte Carlo analysis test parameters. ta and tb are
selected to follow nucleation and growth of
particles.
NB

10,000

NFD
wi

5

ta
tb

1
9

Table 6
Monte Carlo analysis ASL (%) based on FD rank (FD1, FD2, FD3, FD4, and FD5)
derived from NOAA 15 & 11 satellites with 2 different weight types.

FDj (Strength)
∑NFD
j=1 FDj (Strength)

Table 5
Monte Carlo analysis ASL (%) from FD rank (FD1, FD2, FD3, FD4, and FD5) with
three different satellite combinations (NOAA 15, 16, and 17). Weight
FDj (strength)
type.∑NFD
j=1 FDj (strength)
Combination of satellites

NOAA15&11

NOAA16&11

NOAA17&11

Cloud emissivity
Cloud optical thickness
Integrated total cloud water over
whole column
Cloud area fraction computed
over a 3 × 3 array
Effective radii of cloud
condensed water particles at
cloud top

0.11
26.37
35.65

0.01
32.67
11.44

0.45
37.38
21.23

0.33

0.28

1.74

22.79

44.4

70.78

Statistical weight type

FDj (strength)
∑NFD
j=1 FDj (strength)

1
for i = [1, 2,
NFD
…, NF D]

Cloud emissivity
Cloud optical thickness
Integrated total cloud water over whole
column
Cloud area fraction computed over a 3 ×
3 array
Effective radii of cloud condensed water
particles at cloud top

0.11
26.37
35.65

0.15
23.55
30.14

0.33

0.81

22.79

25.78

Table 7
Mean ±σ is the mean value of the superposed five FD events from t− 16 to t0.
Signal (%) is the maximum value during t1 and t9 compared with the mean from
t− 16 to t0. Noise (%) is the Monte Carlo analysis-based one-sigma standard de
viation on the day that the highest signal occurs, compared with the mean from
t− 16 to t0.
Cloud emissivity [-]
COT [-]
LWP [g/m2]
CF [-]
reff [μm]
TABT (3.75 μm) [K]
TABT (11 μm) [K]
TABT (12 μm)[K]
Surface brightness temperature [K]

et al., 2012). Cloud fraction denotes the proportion of the Earth’s surface
covered by clouds. As shown in Fig. 6, the global average cloud fraction
shows a decrease in the number of clouds after an FD event with an ASL
of 0.33%. The change in the cloud cover fraction caused by FDs is 0.013
8

Mean ± σ

Signal (%)

Noise (%)

0.68 ± 0.0052
14.61 ± 1.28
140.21 ± 5.87
0.66 ± 0.0035
21.47 ± 1.0064
279.87 ± 0.56
271.95 ± 0.72
270.69 ± 0.72
275.26 ± 0.75

1.16
0.85
3.1
2.3
1.1
0.048
0.062
0.064
0.093

0.77
8.79
4.18
0.53
4.6
0.2
0.26
0.27
0.27
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from the peak to the average levels for days − 15 to 0, as shown in Fig. 6.
This corresponds to 2.3% of the global average cloud fractions (0.66).
Cloud probability is derived from radiance and reflectance measure
ments performed by the AVRHH using a naive Bayesian approach
(Heidinger et al., 2012). The details of the classical Bayesian approach
are explained in Uddstrom et al. (1999) and Merchant et al. (2005). The
naive Bayesian formulation allows for multiple cloud classifiers to be
used without the need for large arrays.

estimated using the daytime cloud optical and microphysical properties
(DCOMP) algorithm (Walther and Heidinger, 2012). When COT and reff
are obtained using same channel observations, LWP can be derived from
them. This implies that these three parameters are connected during
retrieval. For example, LWP measurements depend on COT and reff data
quality; as such, any noise or errors from the COT and reff retrievals
propagates to the LWP determination. In general, the CCN product is
difficult to retrieve without some noise over land (Levy et al., 2010).
Therefore, satellite observation is more sensitive to uncertainties when
compared with COT measurements obtained from ground-based obser
vatories (Rawlins and Foot, 1990). When we investigate the difference
between PATMOS-x and MODIS, these satellites use the same DCOMP
algorithm to retrieve the parameters. However, discrepancies are found
when DCOMP on MYD06 (derived from MODIS) and on AVHRR
(derived from PATMOS-x) are compared with values of reff because of
the different cloud sampling methods (Walther and Heidinger, 2012).
Nevertheless, differences between PATMOS-x and MODIS products do
not necessarily imply a low quality of DCOMP products; rather, they
reveal the results of different retrieval approaches that use varying
ancillary data, such as the surface albedo.

4.3. Cloud optical depth, effective radius of cloud condensed water
particles, and integrated total cloud water over whole column
COT from PATMOS-x represents the vertical optical depth between
the top and bottom of an atmospheric column for both liquid and ice
cloud. Additionally, reff is defined by the ratios of the integral over all
droplet volumes to the integral over all droplet surface areas. COT is
pivotal for understanding cloud radiative forcing, effective radius dis
tributions, and LWP. Here, COT, reff, and LWP did not show a strong
significant response to FDs, as shown in Fig. 6. In other studies, the
Angstrom exponent for the wavelengths 340–440 nm from AERONET,
liquid cloud optical thickness, and liquid cloud effective radius from
MODIS showed a significant response to the FD events when using the
same Monte Carlo statistical method (Svensmark et al., 2016). In
Table 7, each parameter’s signal and noise are noted. As compared to the
signal size determined by Svensmark et al. (2016), the signal size from
PATMOS-x is smaller than the noise (e.g. signal level of COT from
PAMOS-x and MODIS are 0.13 and approximately 0.1 each, and noise
level from PATMOS-x and MODIS are 1.28 and 0.06 each); thus, it is
difficult to confirm whether there is a signal because the noise level of
PATMOS-x is adequately large to hide the signal. In the research by
Svensmark et al. (2016), MODIS data did not cover the dates (June 13,
1991) and (March 15, 1989), which showed the second and fifth
strongest FD events; this helped create different results from the Monte
Carlo analysis between PATMOS-x and MODIS. COT, reff, and LWP are

4.4. Brightness temperature
BT is a unique form of temperature; it is the apparent temperatures
retrieved using radiance measurements via the inversion of Planck’s
law, while assuming a surface emissivity of 1.0. If the emissivity is lower
than 1.0, the radiance emitted by the cloud does not exactly correspond
to the radiance from a black body at the same temperature. The AVRHH
uses measurements at wavelengths of 3.75, 11, and 12 μm for deter
mining surface BTs (Heidinger et al., 2014). The PATMOS-x data show a
response to FD (6.37%, 3.66%, and 6.71%) for the global average of
TABTs at wavelengths of 3.75, 11.0, and 12.0 μm (Fig. 7); the TABTs
increased by 0.24, 0.17, and 0.14 K. The surface BTs based on the
measurement parameters in Fig. 7 show an increase in temperature

Fig. 7. TABT at the nominal wavelengths of 3.75, 11.0, and 12.0 μm, and surface BT [K]. Superposed FDs: five strongest events; satellites used: NOAA11 and each 15
(blue), 16 (green), and 17 (red). The dashed lines 1, 2, and 3 σ are calculated by random sampling from the NOAA15 satellite.
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following FDs at a 4.48% significance level with an increase of 0.28 K.

radiative energy incident on Earth by ± 0.1%. The maximum to mini
mum peak amplitude of these variations is approximately 0.25 W/m2 at
the ground level (0.1% of 1367/4*0.7 W/m2, assuming a TSI of 1367
W/m2 at 1 AU and an albedo of 0.3).
This is not enough to cause even a 0.1 K change in the Earth’s
equivalent black body temperature (Feulner and Rahmstorf, 2010; Jones
et al., 2012; Anet et al., 2013).
The cosine solar zenith angle is set to a constant 0.5 in this model,
since cosine zenith angles of 0.5 is used as the daytime average. How
ever, the input data from PATMOS-x is a mix of several events and
calculated based on a global average. Thus, based on this model, this will
create an error in any radiation change estimation. The radiative fluxes
are influenced by variations in cloud fraction and cloud optical depth.
The Fu-Liou model calculates the top of the atmosphere radiative forcing
from multiple cloud layers, with each cloud fraction in a cloud overlap
assumption (Jakob and Klein, 1999). Cloud fraction represents each
subgrid box; for example, a radiation variance is only treated by a
change in cloud fraction in global circulation models with numerical
weather prediction (Jakob and Klein, 1999). In other studies, cloud
fraction is considered a sensitive parameter affecting atmospheric
radiative rates by the Fu-Liou-Gu plane-parallel radiation model (Liu
et al., 2017). Surface solar radiation measurements by pyranometers are
especially sensitive to the cloud amount at low and moderate levels,
while cloud type governs the surface solar radiation (Harrison et al.,
2008). Thus, the radiation change may be explained by cloud fraction.
We also calculated changes in the BT of the skin temperature of
oceans using Eq. (18). The penetration depth from the surface is set to 1
mm because the satellite can measure the temperature of the skin layer

5. Discussion
In this study, we showed a significant decrease in cloud cover frac
tion and emissivity; a weak change in COT, reff, and LWP; and an in
crease in BT during FDs. The observed changes in cloud physics may
explain the behaviour of the BT. The top of the atmosphere cloud
radiance is affected by various factors such as surface albedo, cloud
thickness, aerosol optical depth, and particle size (Liao and Seinfeld,
1998). To analyse this, we used the Fu-Liou radiative transfer model (Fu
and Liou, 1993), which uses the δ-four-stream approximation for
calculating the transfer of radiative fluxes in the atmosphere for a single
homogeneous layer integrated over six SW bands (0.2–0.7, 0.7–1.3,
1.3–1.9, 1.9–2.5, 2.5–3.5, and 3.5–4.0 μm) and 12 LW bands
(2200–1900, 1900–1700, 1700–1400, 1400–1250, 1250–1100,
1100–980, 980–800, 800–670, 670–540, 540–400, 400–280, and
280–0 cm− 1) (Liou et al., 1988; Fu and Liou, 1993). We used a 36-day
time series for cloud emissivity, cloud fraction, COT, reff, and LWP
during the five strongest FDs as input to simulate SW and LW radiation
changes. The results are shown in Fig. 9. The maximum change in SW
radiation during FDs (3.69 W/m2) is larger than the maximum change in
LW radiation (0.36 W/m2) for a pressure range from 680 to 955 hPa. The
net result of the increased incoming radiation is thus 3.33 W/m2. Note
that the amount of solar radiative energy incident also changes quickly
during FD since the cloud coverage change during FD events alters the
surface albedo as well, which is comparable in magnitude to what
happens during the 11-year solar cycle that changes the amount of solar

Fig. 8. Outgoing SW radiation according to the Fu-Liou model. The pressure at the top of the cloud is between 100 and 955 hPa. Cloud phase: water. Cosine solar
zenith angle: 0.5.
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Fig. 9. Outgoing LW radiation according to the Fu-Liou model. The pressure at the top of the cloud is between 100 and 955 hPa. Cloud phase: water. Cosine solar
zenith angle: 0.5.

of the ocean surface that is less than 1 mm deep (Talley, 2011). The
forcing output from the Fu-Liou model at a resolution of 1 day was
linearly interpolated to a 1 s timescale and used as input for the calcu
lation, which requires a small-time step. The output results show a

response of 0.61 K, which is higher than the observation results shown in
Fig. 7. However, this indicates that the surface temperature at a depth of
1 mm can respond quickly to the changed cloud forcing, as seen in
Figs. 8, 9 and 10. Note that the BT data from the PATMOS-x represents a

Fig. 10. Top: Forcing change from the Fu-Liou model. Bottom: Calculated brightness temperature at the surface of an ocean for comparison with model and
measurements.
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combination of land and ocean areas that have different heat capacities,
which may explain why the calculation and observation differ slightly.
Another possible explanation is that a decrease in cloud top height can
explain the increase in BT during FDs. Therefore, we analysed the cloud
top height from the PATMOS-x data during FDs. However, it did not
exhibit any significant signal.
C ρl

dToce (t)
= F(t) − λToce (t)
dt
∫t
e

Toce (t) =

′
− λ(t− t )
C ρl

′

F(t ) ′
dt
C ρl

utilised for determining new aspects beyond the scope of this study, such
as the consideration of geological factors (e.g. land type, latitudinal
area, or seasonal effects). In conclusion, among the several analysed
atmospheric/cloud/aerosol parameters, cloud fraction and TABT at
nominal wavelengths of 3.75, 11.0, and 12.0 μm are the only parameters
depicting a statistically significant and correct-phase response to FDs.
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where Toce is the BT at the surface of an ocean; λ represents the heat loss
in the ocean skin (5.42 W/m2K), which is derived from the expansion of
σ T 4 when Earth’s surface temperature is assumed to be 288 K; C denotes
the heat capacity of water (4.2 × 103 J/kgK); ρ is the density of water
(1.0 × 103 kg/m3); l is the thickness of the skin layer (1.0 × 10− 3m); and
F is the forcing variation estimated from the Fu-Liou model.

PATMOS-x data used for Monte Carlo analysis in this research can be
downloaded from the website https://cimss.ssec.wisc.edu/patmosx/.
This work was performed using the Fu-Liou radiative transfer model,
which is available from the website https://web.archive.org/web/
20100527145310/http://snowdog.larc.nasa.gov/cgi-bin/rose/flp2
00503/flp200503.cgi. The authors wish to thank Jacob Svensmark for
his advice and comments on our research as well as the two reviewers for
their suggestions for improving the statistical method and data
handling.

6. Conclusion
In this study, the newly calibrated PATMOS-x data set from 1978 to
2018 was analysed to study the effect of FD on the atmosphere. The five
strongest FD events were selected based on their percentage decrease in
ion production. This is because GCR arriving in the atmosphere produces
ions, and promotes the nucleation process of particles (Wagner et al.,
2017; Kirkby et al., 2016; Tomicic et al., 2018; Lehtipalo et al., 2016).
We examined the significance level of the FD effects on ten parameters,
including some that were previously unexplored, namely: TABT at the
nominal wavelengths of 3.75, 11.0, and 12.0 μm and surface BT with
high ASL levels (ASL 6.71%, 3.66%, 6.37%, and 4.48%). A radiative
model (Fu-Liou model) was used to estimate the LW and SW radiation
resulting from the detected changes in cloud parameters. This calculated
forcing effect during FDs is sufficient to change the Earth’s surface
temperature, with the penetration depth being detectable by a satellite
(1 mm) for a short period (i.e., a few days); this result agrees well with
the detected signal in BT. The effects of FDs shown in this analysis were
consistent with the results from other studies on cloud fraction (ASL
0.33%) (Svensmark et al., 2016). These results also support other
studies; for example, those of H. Svensmark et al. (2009) and Pudovkin
and Veretenenko (1995). Cloud emissivity seemingly showed signals
with the proposed method, but did not respond simultaneously with
cloud fractions. Cloud emissivity started to change several days before
t0, and this instant change cannot be explained by the aerosol’s growth
process, cloud lifetime, and other changes in cloud features. Thus, cloud
emissivity does not show any physical effect of FDs; however, it does
reveal other factors that have not been investigated yet. Overall, this
response was random and had a low occurrence chance, which implies
that it is a product of the method or a spurious signal. Signals of OT,
LWP, and reff associated with cloud water particles were not strongly
significant, with an ASL of 26.37, 35.65, and 22.79%, respectively. This
is more likely caused by a larger noise level of the data sets, the differ
ence in retrieval processes, and different combinations of the five
strongest FD events as compared to those of previous studies.
Moreover, the ion-induced nucleation process creates particles of
size less than 0.1 μm; thus, any aerosols produced with the assistance of
ions must grow considerably to be detectable by satellites, which use
detection wavelengths of approximately 500 nm. Of course, scattering
theory should be considered to estimate the available particle sizes via
observation. Nevertheless, these results will be useful to better under
stand cloud microphysical structures under various atmospheric condi
tions and will provide a better understanding of the Earth’s climate and
weather changes occurring due to cosmic rays and solar activities. In
future work, other calibrated satellites or observational data should be

Acronyms
FDs
Forbush decreases
CCN
Cloud condensation nuclei
reff
Cloud effective radius
PATMOS-x Pathfinder Atmospheres Extended
AVHRR Advanced very high resolution radiometer
ASLs
Achieved Significance Levels
LWP
Integrated total cloud water over the whole column
CME
Coronal mass ejection
GCRs
Galactic cosmic rays
ISCCP
International Satellite Cloud Climatology Project
TSI
Total solar irradiance
CLOUD Cosmics Leaving Outdoor Droplets
SSM/I
Special Sensor Microwave/Imager
MODIS Moderate resolution imaging spectroradiometer
AERONET Aerosol robotic network
LCF
Liquid water cloud fraction
CI
Cloud index
Occ
Cloud occurrence frequency
Ext
Extinction data
CNM
Climax neutron monitor data
DTR
Diurnal temperature range
NOAA
National Oceanic and Atmospheric Administration
POES
Polar Operational Environmental Satellites
GOES
Geostationary Operational Environmental Satellite
EUMESAT Exploitation of meteorological satellites
METOP Meteorological Operational Satellite
COT
Cloud optical thickness (atmosphere optical depth due to the
cloud)
TABT
Top of the atmosphere brightness temperature
WDCCR World Data Centre for Cosmic Rays
LW
Long-wave
ACHA
AWG Cloud Height Algorithm
DCOMP Daytime cloud optical and microphysical properties
BT
Brightness temperature
GCM
Global circulation model
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