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Sudden cosmic ray decreases: No change of global cloud cover
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[1] Currently a cosmic ray cloud connection (CRC)
hypothesis is subject of an intense controversial debate. It
postulates that galactic cosmic rays (GCR) intruding the
Earth’s atmosphere influence cloud cover. If correct it
would have important consequences for our understanding
of climate driving processes. Here we report on an
alternative and stringent test of the CRC‐hypothesis by
searching for a possible influence of sudden GCR decreases
(so‐called Forbush decreases) on clouds. We find no
response of global cloud cover to Forbush decreases at any
altitude and latitude.Citation: Calogovic, J., C. Albert, F. Arnold,
J. Beer, L.Desorgher, and E.O. Flueckiger (2010), Sudden cosmic ray
decreases: No change of global cloud cover, Geophys. Res. Lett., 37,
L03802, doi:10.1029/2009GL041327.

1. Introduction
[2] An influence of GCR on clouds [Carslaw et al., 2002]

has been reported by Svensmark and Friis‐Christensen
[1997] who analyzed one solar cycle and found that global
cloud cover changed in phase with the GCR flux by 2–3%
(Figure 1). They estimated that the radiative forcing of GCR
during one solar cycle is comparable to the radiative forcing
induced by the increase in greenhouse gases since 1750. This
initiated a heated debate and heavy criticism [Kernthaler et
al., 1999; Kristjánsson et al., 2002, 2004, 2008; Laut,
2003; Sloan and Wolfendale, 2008; Sun and Bradley, 2002;
Udelhofen and Cess, 2001; Wagner et al., 2001]. Later anal-
yses made by Marsh and Svensmark [2000, 2003] indicated
that the correlation holds only for low clouds (0–3.2 km) at
low latitudes. Recently, Svensmark et al. [2009] claimed the
finding of significant reductions in cloud water content
(SSM/I), cloud cover (MODIS, ISCCP) and aerosol concen-
trations (AERONET) for low clouds during 26 Forbush
decreases (hereafter briefly termed Fd). However, after rea-
nalyzing the liquid water cloud fraction (LCF) data mea-
sured by MODIS and the corresponding Fd events Laken
et al. [2009] concluded that LCF variations are unrelated
to Fd events and thus do not support a relationship between
GCR and clouds.
[3] The most often considered, but still uncertain, under-

lying physical mechanism involves GCR induced ion produc-
tion followed by ion‐induced cloud condensation nuclei
formation [Arnold, 2008; Eichkorn et al., 2002; Kazil and
Lovejoy, 2004; Lee et al., 2003; Lovejoy et al., 2004; Yu
and Turco, 2001].

[4] Galactic cosmic rays (GCR) reaching the troposphere,
the cloud forming layer of the Earth’s atmosphere, are var-
iable in space and time. Systematic and stochastic temporal
changes are induced by interplanetary magnetic field
changes which in turn result from corresponding solar activ-
ity changes. During high solar activity, the strength and tur-
bulence level of the interplanetary magnetic field are higher
leading to an increased shielding of GCR and thereby a
reduction of GCR reaching planet Earth. The best known sys-
tematic GCR variation is associated with the quasi‐periodic
11‐year solar activity (sunspot) cycle (Figure 1a). A com-
mon type of a stochastic short‐term variation is the sudden
GCR intensity decrease (called Forbush decrease), which
lasts only about a week [Cane, 2000] (Figure 1b). While
entirely different in duration, these two types of temporal
GCR changes are very similar in amplitude.

2. Methods
[5] In order to test the CRC hypothesis which is based on

the 11‐year cycle (Figure 1a), we have chosen to investigate
the response of clouds to Fd events (Figure 1b). Since the
only difference between the CRC hypothesis and our approach
is the duration of the GCR change, a necessary condition for
our test to be applicable is that the time scales of the involved
processes are short enough to follow the changes in cosmic
rays. In other words, the cloud condensation nuclei (CCN)
concentration must drop within 1–2 days and recover during
about a week (Figure 1).
[6] The minimum diameter required for an aerosol particle

to act as a CCN decreases with increasing particle hygro-
scopicity and increasing atmospheric relative humidity.
For an aerosol particle containing H2SO4, which is highly
hygroscopic, and a relative humidity of say 100.05%, easily
reached in adiabatically cooling convective updrafts, a
diameter of only about 30 nm is sufficient for a sulphate par-
ticle to act as a CCN. The time span required for a newly
formed aerosol particle to grow to this diameter (growth
time) depends on the concentration of condensing gas mole-
cules. For example for H2SO4, the only condensing gas (at
relative humidity < 100%) presently known to exist in the
free troposphere, the growth time is about 3–6 days [Arnold,
2007]. After the onset of an Fd event GCR induced ion for-
mation is markedly lowered for about 1–2 days. Therefore
GCR mediated CCN reformation in an air mass, which has
experienced convective ascent accompanied by CCN deple-
tion, does not take place after the above growth time, but after
the growth time incremented by a lag time of 1–2 days.
Hence, one may expect less than usual cloud cover about
4–8 days after a Fd event. A detailed description of CCN
formation and growth is given by Arnold [2007, 2008].
[7] To test the CRC hypothesis we have made a detailed

correlation analysis of the cloud cover and the corresponding
GCR induced ion production for the six largest Fd events
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which occurred in the period 1989 to 2001 (see Table 1).
These Fds have been selected based on the following three
criteria: i) Before the onset of the Fd the CR intensity is con-
stant to be used as a reference level ii) The Fd has a smooth
recovery iii) during the Fd additional ionization due to solar
proton events can be excluded.
[8] Periods of 20 days with up to 10 days of lag as used in

our study offer much better statistics than one single period
of 11 years as used in previous analyses [e.g., Marsh and
Svensmark, 2000]. Our analysis uses the 3 hourly infrared
(IR) ISCCP (International Satellite CloudClimatology Project)
D1 cloud cover data [Rossow, 1996], which are equivalent to
the ISCCP D2 monthly data used by Marsh and Svensmark
[2000, 2003] and Svensmark and Friis‐Christensen [1997]
and other studies [Kernthaler et al., 1999; Kristjánsson et
al., 2002, 2004; Palle et al., 2004; Sun and Bradley, 2002;
Usoskin et al., 2004].
[9] For each event neutron monitor data was used to

determine the changes in the differential energy spectrum
of the primary galactic cosmic rays for a period of 20 days
starting about five days prior to the onset of the Fd. Using this
spectral information the Monte Carlo PLANETOCOSMICS
[Bütikofer et al., 2008; Desorgher et al., 2005] code based
on Geant4 [Agostinelli et al., 2003] was applied to calculate
the ion production rate in the atmosphere during each event
as a function of latitude, longitude, and altitude, taking into
account the geomagnetic field prevailing at that time.
[10] Temporal changes in the ion production rate resulting

from changes in the CR flux were obtained for a global grid
with a spatial resolution of 5° x 5° and a temporal resolution
of 3 hours. As an example Figure 2 shows the model calcu-
lated distribution of the atmospheric ion production rate for
March 19,1991, which was 5 days before the Fd event num-
ber 1 (Table 1). The variation with atmospheric depth and
latitude are very pronounced while the variation with longi-
tude (inset picture Figure 2) is weak.
[11] For each grid cell the ion production rate change was

then compared with the corresponding ISCCP D1 cloud data
change allowing for time lags ranging from 0 to 10 days.
This approach led to important improvements compared to
the majority of previous studies [Marsh and Svensmark,
2000, 2003; Palle et al., 2004; Sun and Bradley, 2002;
Svensmark and Friis‐Christensen, 1997; Todd and Kniveton,

2004] which were mostly restricted to neutron monitor mea-
surements at a few specific sites.
[12] Furthermore, the vast number of data processed in

this work (in total more than one hundred thousand effec-
tively used grid cells in six independent Fds events) allowed
much better statistics and sensitivity compared to Marsh and
Svensmark [2000, 2003] and Svensmark andFriis‐Christensen
[1997] and other studies [Palle et al., 2004; Sun and Bradley,
2002] where only one period (event) was investigated.
[13] Since only relative values of cloud cover for short

periods were considered in the correlation analysis, the
effects of other important factors which could influence
cloud cover over longer time periods such as the El Niño‐
Southern Oscillation [Farrar, 2000], explosive volcanic
eruptions, instrument calibration, and detection uncertainties
were avoided. However, large scale atmospheric transport of
CCNs as well as other factors beside CR could reduce the
correlation. A more detailed description of the correlation
analysis and statistics is given in the auxiliary material.1

3. Results and Discussion
[14] For each Fd event, cloud layer and lag between 0 and

10 days in time steps of 3 hours the correlation coefficients
between ionization and cloud cover were calculated for each
grid cell on a global grid of about 1700 to 6000 cells
depending on the cloud layer. Correlation coefficients were
then averaged leading to the global average correlation
(Pavg) for each event, cloud layer and lag.
[15] Figure 3 summarizes the results of our analysis. In

Figure 3a the global average correlation (Pavg) averaged
over all available grid cells and all 6 Fds events is plotted
versus lag time for 3 altitude layers (high >6.5 km, middle
3.2–6.5 km and low 0–3.2 km).
[16] The absence of a significant maximum for all three

cloud layers is an indication that tropospheric clouds do
not respond to an Fd on a global scale. Support for the neg-
ative results comes from the correlation analysis for control
events (details in the auxiliary material). Despite a nearly
constant CR flux (changes < 2%) during the control events
compared to the Fd events (up to 25%), the obtained Pavg

dependences on the lag are very similar (see Figure S2).

Figure 1. Comparison between (a) Marsh and Svensmark [2000] and (b) our approach. Relative change in cosmic rays
(Huancayo neutron monitor ‐ red curve) and ISCCP D2 low clouds (light blue curve) over roughly one solar cycle (11‐year)
are used to analyze possible connection between CR and clouds (Figure 1a). In our approach, relative changes in CR during
Fd (Jungfraujoch NM ‐ red curve) are associated by the same amplitude as during 11‐y solar cycle (Figure 1b). Calculated
cosmic ray induced ionization (green curve) is compared with the same clouds dataset like in Figure 1a (ISCCP D1 ‐ not
shown). The shown example corresponds to Fd event 1.

1Auxillary materials are available in the HTML. doi:10.1029/
2009GL041327.
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The small positive bias of about 0.02 is present for all
events, cloud layers and lags. Since the control events show
a similar deviation from 0, this deviation is likely to be
the bias of the correlation estimate, which is expected
for a relatively short time series of 20 days with high auto‐
correlation. Tests with artificial data (details in the auxiliary
material) prove that our approach is sufficiently sensitive
(Figure S2) to detect a 2% change in cloud cover as reported
by Marsh and Svensmark [2000] for the 11‐year solar cycle.
Consequently ‐ if the correlation between CR and cloud
cover postulated by Svensmark exists ‐ an increase in Pavg

for Fds compared to control events should be observable
in the given lag range.
[17] Furthermore, the geographical correlation coefficient

distributions for the three altitude layers and all time lags are
highly inhomogeneous and with no larger areas consisting
of positive and negative correlations. Figure 3b shows an
example for the low cloud layer assuming a lag between 5
and 6 days.
[18] The correlation histograms for all cloud layers and

time lags show normal distributions of correlation coeffi-

cients indicating no correlation between cloud cover and
CR. An example of such a histogram is shown in Figure 3c.
[19] In a recent study Svensmark et al. [2009] analyzed 26

Forbush decreases and, contrary to us, found a significant
response in cloud cover and aerosol content. However, a
closer inspection of Svensmark et al.’s list of used Fd
events revealed 5 Fd events which did not fulfill our selec-
tion criteria. For example, the third strongest Fd event in
Svensmark et al.’s list which occurred on January 20,
2005 was accompanied by one of the strongest solar proton
events. Mironova et al. [2008] analyzed this event and
found a significant increase in the aerosol content for the
Antartic region. Without further discussion we would like
to state that a study as the one by Svensmark et al. [2009]
including Fd events which are associated with the solar pro-
ton events leads easily to questionable or even contradictory
results [see also Laken et al., 2009].

4. Conclusions
[20] All our tests did not provide any evidence for a

response of the cloud cover to Fd events:
[21] 1. No significant global average correlation (Pavg) nor

median maxima were found in the independent analysis of
every Fd event for all cloud layers (not shown). The geo-
graphical locations where the cloud cover correlates more
positively with the CR intensity are different for each single
Fd event, an indication of stochastic correlations.
[22] 2. Median values calculated for the frequency distri-

butions of the correlation coefficients are all almost zero
and independent of the lag time (not shown).
[23] 3. There are no indications of regional effects of CR

changes on cloud cover. Pavg and median values obtained in
the analysis of grid cells corresponding to particular geo-
graphical regions (high and low latitudes, grid cells over
oceans and land, see details in the auxiliary material) show
no considerable difference in significance.

Figure 2. Example of calculated cosmic ray induced ionization rate for 19.3.1991 at 00:00h UT (Fd event 1). The ioni-
zation rate is shown for 2.5° East longitude as a function of geographic latitude and atmospheric depth. The inset picture on
the right shows the ionization rate at an atmospheric depth of 180 g/cm2 (13.2 km) as a function of the geographical
position.

Table 1. List of Selected 6 Fds Used in the Analysisa

Event Number Date Time UT Fd Strength (%) Analyzed Period

1 24.03.91 03:41 21.3 19.03–07.04.91
2 28.10.91 15:37 17.4 23.10–11.11.91
3 13.03.89 01:27 16.6 08.03–27.03.89
4 27.11.89 21:39 15.4 22.11–11.12.89
5 26.02.92 16:57 9.7 21.02–11.03.92
6 24.09.98 23:45 9.2 19.09–08.10.98

aThis list was obtained by selection from altogether 14 strongest Fds in
period from 1989–2001 using the data from 18 different neutron monitor
stations covering all latitudes and longitudes. Date and time refer to
arrival of storm sudden commencement, which is considered as the
beginning of Fd. All listed times are in UT and analyzed period begins
on the first day at 00:00 h and ends on the last day at 23:59h. Fd
strength describes the 10 GeV CR density variation outside the Earth’s
magnetosphere [Belov et al., 1995].
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[24] In conclusion, our global and regional analysis does
not indicate any significant response of the cloud cover to
undisturbed Forbush decreases.

[25] Acknowledgments. The ISCCP D1 data were obtained from the
International Satellite Cloud Climatology Project web site http://isccp.giss.
nasa.gov maintained by the ISCCP research group at the NASA Goddard
Institute for Space Studies, New York [Rossow and Schiffer, 1999]. We
are indebted to Reinhard Furrer and Peter Reichert for helpful comments
regarding the statistical analysis.

References
Agostinelli, S., et al. (2003), Geant4‐A simulation toolkit, Nucl. Instrum.

Methods Phys. Res., Sect. A, 506, 250–303, doi:10.1016/S0168-9002
(03)01368-8.

Arnold, F. (2007), Atmospheric aerosol and cloud condensation nuclei for-
mation: A possible influence of cosmic rays, Space Sci. Rev., 125, 169–
186, doi:10.1007/s11214-006-9055-4.

Arnold, F. (2008), Atmospheric ions and aerosol formation, Space Sci.
Rev., 137, 225–239, doi:10.1007/s11214-008-9390-8.

Belov, A. V., et al. (1995), Anisotropy of cosmic rays and Forbush decreases
in 1991, paper presented at 24th International Cosmic Ray Conference,
Int. Union of Pure and Appl. Phys., Rome.

Bütikofer, R., et al. (2008), The extreme solar cosmic ray particle event on
20 January 2005 and its influence on the radiation dose rate at aircraft
altitude, Sci. Total Environ., 391, 177–183, doi:10.1016/j.scito-
tenv.2007.10.021.

Cane, V. H. (2000), Coronal mass ejections and forbush decreases, Space
Sci. Rev., 93, 55–77, doi:doi:10.1023/A1026532125747.

Carslaw, K. S., et al. (2002), Cosmic rays, clouds, and climate, Science,
298, 1732–1737, doi:10.1126/science.1076964.

Desorgher, L., et al. (2005), Atmocosmics: A GEANT4 code for computing
the interaction of cosmic rays with the Earth’s atmosphere, Int. J. Mod.
Phys. A, 20, 6802–6804, doi:10.1142/S0217751X05030132.

Eichkorn, S., S. Wilhelm, H. Aufmhoff, K. H. Wohlfrom, and F. Arnold
(2002), Cosmic ray‐induced aerosol‐formation: First observational evi-
dence from aircraft‐based ion mass spectrometer measurements in the
upper troposphere, Geophys. Res. Lett., 29(14), 1698, doi:10.1029/
2002GL015044.

Farrar, P. D. (2000), Are cosmic rays influencing oceanic cloud coverage or is
it only El Niño?,Clim. Change, 47, 7–15, doi:10.1023/A:1005672825112.

Kazil, J., and E. R. Lovejoy (2004), Tropospheric ionization and aerosol
production: A model study, J. Geophys. Res. , 109 , D19206,
doi:10.1029/2004JD004852.

Kernthaler, C. S., et al. (1999), Some doubts concerning a link between
cosmic rays fluxes and global cloudiness, Geophys. Res. Lett., 26,
863–865, doi:10.1029/1999GL900121.

Kristjánsson, J. E., A. Staple, J. Kristiansen, and E. Kaas (2002), A new
look at possible connections between solar activity, clouds and climate,
Geophys. Res. Lett., 29(23), 2107, doi:10.1029/2002GL015646.

Kristjánsson, E. J., et al. (2004), Solar activity, cosmic rays, clouds and cli-
mate‐An update, Adv. Space Res., 34, 407–415, doi:10.1016/j.
asr.2003.02.040.

Kristjánsson, J. E., et al. (2008), Cosmic rays, cloud condensation nuclei
and clouds‐A reassessment using MODIS data, Atmos. Chem. Phys.,
8, 7373–7387.

Laken, B., A. Wolfendale, and D. Kniveton (2009), Cosmic ray decreases
and changes in the liquid water cloud fraction over the oceans, Geophys.
Res. Lett., 36, L23803, doi:10.1029/2009GL040961.

Laut, P. (2003), Solar activity and terrestrial climate: An analysis of some
purported correlations, J. Atmos. Sol. Terr. Phys., 65, 801–812,
doi:10.1016/S1364-6826(03)00041-5.

Lee, S.‐H., et al. (2003), Particle formation by ion nucleation in the upper
troposphere and lower stratosphere, Science, 301, 1886–1889,
doi:10.1126/science.1087236.

Lovejoy, E. R., J. Curtius, and K. D. Froyd (2004), Atmospheric ion‐induced
nucleation of sulfuric acid and water, J. Geophys. Res., 109, D08204,
doi:10.1029/2003JD004460.

Marsh, N. D., and H. Svensmark (2000), Low cloud properties influenced by
cosmic rays, Phys. Rev. Lett., 85, 5004–5007, doi:10.1103/PhysRevLett.
85.5004.

Marsh, N., and H. Svensmark (2003), Galactic cosmic ray and El Niño‐
Southern Oscillation trends in International Satellite Cloud Climatology
Project D2 low‐cloud properties, J. Geophys. Res., 108(D6), 4195,
doi:10.1029/2001JD001264.

Mironova, I. A., L. Desorgher, I. G. Usoskin, E. O. Flückiger, and R. Bütikofer
(2008), Variations of aerosol optical properties during the extreme solar

Figure 3. (a) Global average correlation (Pavg) for all
available grid cells as a function of lag time for all 6 Fd
events. High (blue), middle (brown) and low (green) cloud
layers are shown. For every lag in steps of 3 hours 11466
(29%) correlation coefficients for high, 27445 (69%) for
middle and 32623 (90%) for low clouds were averaged.
The standard deviation (s) was calculated separately for
every Pavg (see details in the auxiliary material). The colored
shaded areas (light blue for high, light yellow for middle and
light green for low clouds) represent the 95% confidence
intervals (±1.96 s). Due to the small amount of available
data (29%) the high clouds (>6.5 km) show a bigger vari-
ability than the other cloud layers. The control events show
similar variability for high clouds. (b) Correlation coeffi-
cients (negative: blue; positive: red) for the low cloud layer
(0–3.2 km). Correlation coefficients for all 6 Fd events were
averaged for every single grid cell and the lag time between
5 and 6 days. Grid cells with coefficients averaged over less
than 4 Fd events were excluded from further analysis. Grey
color corresponds to missing data. (c) Correlation histogram
with the same coefficients as plotted in Figure 3b for a lag
time between 5 and 6 days. y axis: number of correlations
in specific correlation coefficient class; x axis: correlation
coefficient value. The median value depicted above the histo-
gram is calculated from all correlation coefficients and indi-
cates the displacement from the normal random distribution.

CALOGOVIC ET AL.: FORBUSH DECREASES AND CLOUD COVER L03802L03802

4 of 5



event in January 2005, Geophys. Res. Lett., 35, L18610, doi:10.1029/
2008GL035120.

Palle, E., et al. (2004), The possible connection between ionization in the
atmosphere by cosmic rays and low level clouds, J. Atmos. Sol. Terr.
Phys., 66, 1779, doi:10.1016/j.jastp.2004.07.041.

Rossow, B. W. (1996), International Satellite Cloud Climatology Project
(ISCCP), Inst. for Space Stud, NASA Goddard Space Flight Cent,
Greenbelt, Md.

Rossow, B. W., and A. R. Schiffer (1999), Advances in understanding
clouds from ISCCP, Bull. Am. Meteorol. Soc., 80, 2261–2287,
doi:10.1175/1520-0477(1999)080<2261:AIUCFI>2.0.CO;2.

Sloan, T., and A. W. Wolfendale (2008), Testing the proposed causal link
between cosmic rays and cloud cover, Environ. Res. Lett., 3, 024001,
doi:10.1088/1748-9326/3/2/024001.

Sun, B., and R. S. Bradley (2002), Solar influences on cosmic rays and
cloud formation: A reassessment, J. Geophys. Res., 107(D14), 4211,
doi:10.1029/2001JD000560.

Svensmark, H., and E. Friis‐Christensen (1997), Variation of cosmic ray
flux and global cloud coverage‐A missing link in solar‐climate relation-
ships, J. Atmos. Sol. Terr. Phys., 59, 1225–1232, doi:10.1016/S1364-
6826(97)00001-1.

Svensmark, H., T. Bondo, and J. Svensmark (2009), Cosmic ray decreases
affect atmospheric aerosols and clouds, Geophys. Res. Lett., 36, L15101,
doi:10.1029/2009GL038429.

Todd, M. C., and D. R. Kniveton (2004), Short‐term variability in satellite‐
derived cloud cover and galactic cosmic rays: An update, J. Atmos. Sol.
Terr. Phys., 66, 1205.

Udelhofen, M. P., and D. R. Cess (2001), Cloud cover variations over the
United States: An influence of cosmic rays or solar variability?, Geo-
phys. Res. Lett., 28, 2617–2620, doi:10.1029/2000GL012659.

Usoskin, I. G., N. Marsh, G. A. Kovaltsov, K. Mursula, and O. G. Gladysheva
(2004), Latitudinal dependence of low cloud amount on cosmic ray induced
ionization, Geophys. Res. Lett., 31, L16109, doi:10.1029/2004GL019507.

Wagner, G., D. M. Livingstone, J. Masarik, R. Muscheler, and J. Beer
(2001), Some results relevant to the discussion of a possible link between
cosmic rays and the Earth’s climate, J. Geophys. Res., 106, 3381–3387,
doi:10.1029/2000JD900589.

Yu, F., and P. R. Turco (2001), From molecular clusters to nanoparticles:
Role of ambient ionisation in tropospheric aerosol formation, J. Geo-
phys. Res., 106, 4797–4814, doi:10.1029/2000JD900539.

C. Albert and J. Beer, Eawag, PO Box 611, CH‐8600 Dübendorf,
Switzerland. (carlo.albert@eawag.ch; beer@eawag.ch)
F. Arnold, Max Planck Institute for Nuclear Physics, Saupfercheckweg 1,

D‐69117 Heidelberg, Germany. (frank.arnold@mpi‐hd.mpg.de)
J. Calogovic, Hvar Observatory, Faculty of Geodesy, Kaciceva 26, HR‐

10000 Zagreb, Croatia. (jcalogovic@geof.hr)
L. Desorgher and E. O. Flueckiger, Physikalisches Institut, University of

Bern, CH‐3012 Bern, Switzerland. (desorgher@space.unibe.ch; flueckiger@
space.unibe.ch)

CALOGOVIC ET AL.: FORBUSH DECREASES AND CLOUD COVER L03802L03802

5 of 5


