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[11 The recently reported correlation between clouds and galactic cosmic rays (GCR)
implies the existence of a previously unknown process linking solar variability and
climate. An analysis of the interannual variability of International Satellite Cloud
Climatology Project D2 (ISCCP-D2) low-cloud properties over the period July 1983 to
August 1994 suggests that low clouds are statistically related to two processes, (1) GCR
and (2) El Nifio—Southern Oscillation (ENSO), with GCR explaining a greater percentage
of the total variance. Areas where satellites have an unobstructed view of low cloud
possess a strong correlation with GCR, which suggests that low-cloud properties observed
in these regions are less likely to be contaminated from overlying cloud. The GCR-low
cloud correlation cannot easily be explained by internal climate processes, changes in
direct solar forcing, or UV-ozone interactions. Instead, it is argued that a mechanism
involving solar variability via GCR ionization of the atmosphere is consistent with these
results. However, the results are marginal when including the recently extended ISCCP-
D2 data covering the period until September 2001. This, we believe, is related to problems

experienced with the ISCCP intercalibration between September 1994 and January

1995.
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1. Introduction

[2] Based on satellite observations, a link has been
proposed between total cloud amount and the number of
Galactic Cosmic Rays (GCR) received at Earth [Svensmark
and Friis-Christensen, 1997; Svensmark, 1998]. Since
clouds play an important role in the radiation budget of
the atmosphere, by both reflecting solar radiation and
trapping outgoing longwave radiation, the existence of a
GCR-cloud link would introduce a previously unknown
external forcing mechanism to the climate system. Svens-
mark [1998] speculated that a physical mechanism could
involve the effects of GCR ionization on aerosol chemistry
or the phase transitions of water vapor, which in turn would
influence the activation of cloud droplets, and hence cloud
radiative properties.

[3] However, beyond the GCR-total cloud correlation
there is currently no experimental confirmation to suggest
that such processes have had a discernible effect on cloud
properties. This has lead to suggestions that the correlation
is fortuitous and might better be explained by internal
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climate processes, ¢.g., El Nifio—Southern Oscillation
(ENSO), such that any agreement with cosmic rays is purely
coincidental. As a result a number of questions have been
raised as to the validity of the GCR-cloud link.

[4] Kernthaler et al. [1999] found no clear relationship
between individual cloud types and GCR, which became
further degraded with the inclusion of polar regions. How-
ever, their analysis relied on the individual cloud type
derivations from the International Satellite Cloud Climatol-
ogy Project monthly C2 data (ISCCP-C2) [Rossow and
Schiffer, 1991] using an algorithm which was abandoned by
ISCCP in 1990 due to its poor performance [Klein and
Hartmann, 1993]. The reanalyzed D2 data (ISCCP-D2)
using an improved algorithm [Rossow et al., 1996], differs
considerably from the ISCCP-C2 derivation of individual
cloud types. The results of Kernthaler et al. [1999] cannot
be reproduced using the ISCCP-D2 data, and it has been
shown that there indeed exists a correlation between GCR
and globally averaged ISCCP-D2 low cloud amount [Marsh
and Svensmark, 2000a, 2000b]. Kuang et al. [1998] con-
firmed the GCR - total cloud correlation using the ISCCP-
C2 data, but were unable to distinguish between the effects
of GCR and ENSO on the mean cloud optical thickness.
Jorgensen and Hansen [2000] raised a number of criticisms
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but of a more general nature which have been addressed in a
comment by Svensmark and Friis-Christensen [2000].
Recently, Kniveton and Todd [2001] found a strong relation-
ship between GCR and precipitation over southern oceans at
mid to high latitudes. They suggest this is more consistent
with changes in the global atmospheric electric circuit
according to Tinsley [1996] rather than with tropospheric
aerosols or ENSO. Farrar [2000] argues that trends in the
globally averaged total cloud amount are the result of a
composite of expected regional cloud responses to ENSO,
and found little evidence to suggest a role for GCR.
However, Marsh and Svensmark [2000b] have shown that
the GCR-cloud correlation is limited to low cloud when
using the ISCCP-D2 IR derivation of cloud properties, and
that regions of the globe with a strong and significant
correlation cannot easily be explained by internal climate
processes. But the question remains, is the GCR - low cloud
correlation an artifact which can be adequately explained by
internal climate processes such as ENSO, or is it a signature
of solar variability?

[5] Previously, discussions of a cosmic ray - low cloud
link were based on ISCCP data available over the period
July 1983—September 1994 [Marsh and Svensmark,
2000b]. An extension of ISCCP cloud data has recently
been made available for the period January 1994 to Sep-
tember 2001 (January 1994—September 1994 were re-ana-
lyzed). However, between September 1994 and January
1995 there was a gap in available ISCCP calibration
satellites. In section 3 it will be shown that following this
gap, the ISCCP low-cloud data is found to deviate from an
independent cloud data set obtained from the SSMI (Special
Sensor Microwave Imager) instrument. The remainder of
the paper will present a detailed analysis of the ISCCP-D2
low-cloud properties using point correlation and Empirical
Orthogonal Function (EOF) analysis. The analysis is per-
formed on two periods of the available cloud data; (1) July
1983 —August 1994, and (2) July 1983 —September 2001. In
section 4 it will be shown that GCR and ENSO are the
statistically dominant time series covarying with low clouds
for period 1.

[6] Care must be taken in the interpretation of any low-
cloud result when multi layer cloud is present as only the
overlap portion of low cloud is viewed by satellite.
Accounting for this effect by defining a “satellite view”
of low clouds, it is possible to determine which regions of
the globe reflect properties of low cloud with confidence. It
is shown in section 5 that the GCR-cloud correlation is a
robust feature of low-cloud properties for the period July
1983 —August 1994.

[71 However, when the EOF analysis is repeated for
period 2 these results are found to be marginal (see
Appendix A). It is argued that this is the result of non-
stationarities introduced to the cloud data after August 1994.

2. Data: ISCCP-D2, SSMI, GCR, and ENSO

[s] ISCCP-D2 provides monthly averaged satellite obser-
vations of cloud properties on an equal area grid (280 x 280
km) with each grid box containing up to 120 pixels ( pixel
sampling size ~25-30 km). A pixel is defined as cloudy if
the infrared (IR-10.5 pum observed both day and night) or
visible (VIS-0.7 pm observed day only) radiance differs
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from its clear sky value by more than a pre-calculated
threshold. Cloud amount (CA) is then determined by the
number of pixels in a grid box defined as cloudy. Relative
uncertainties in radiance calibrations are <5% for VIS and
<2% for IR [Brest et al., 1997].

[o] Estimates of cloud top temperature and pressure (alti-
tude) from the observed IR radiance for each cloudy pixel are
made using an IR radiative transfer model, with an atmos-
pheric temperature profile given by TOVS (TIROS Opera-
tional Vertical Sounder). When no cloud is detected, the
radiative transfer model reports a surface temperature. Cloud
top temperature (CT) and surface temperature (ST) are the
monthly averaged temperatures for all cloudy and non-
cloudy pixels respectively over each grid box. The estimate
of cloud top pressure (altitude) for each IR detected cloudy
pixel is used to define a cloud as low >680 hPa (<3.2 km),
middle 680 — 440 hPa (3.2-6.5 km), or high <440 hPa
(>~6.5 km). Thus, the monthly quantities of CA and CT for
each grid box can additionally be obtained for low (CAy,
CT}), mid (CAyy, CT)yy) and high (CAy, CTy) cloud.

[10] The following analysis is restricted to clouds
detected by IR radiance with its superior accuracy and
coverage both spatially and temporally. However, the IR
radiative transfer model assumes that all clouds are opaque,
and thus does not allow for any transmitted radiance from
below the cloud. While this is often true for low cloud,
which tend to be optically thick, it is not generally the case
for high optically thin cloud. This can lead to an over
estimation of cloud top temperature and a biasing of high
optically thin clouds to lower altitudes. Such problems can
be solved if a clouds optical depth is known. ISCCP
estimates cloud optical depth by modelling the effects of
cloud scattering on VIS radiance and comparing the output
with the satellite observations of VIS radiance. This leads to
a visible adjustment to the IR cloud properties, but, a
number of assumptions regarding the cloud droplet distri-
bution must be made, which will additionally affect the
accuracy at interannual time scales.

[11] There are three disadvantages with using the VIS
radiance; (1) daylight observations only, (2) larger observa-
tional uncertainties and, (3) unrealistic assumptions regard-
ing the cloud droplet distribution. Here it is arguably
assumed that these disadvantages outweigh the benefits at
interannual time scales, and the analysis is restricted to IR
observations only.

[12] Independent observations of cloud amount can be
obtained from the SSMI (Special Sensor Microwave
Imager) instrument onboard the DMSP (Defence Meteoro-
logical Satellite Program) satellites. The SSMI instrument
passively observes at 4 microwave wavelengths (19, 22, 37,
and 85 GHz), which are able to penetrate cirrus and dust
clouds, and thus have a less obscured view of liquid water
clouds than ISCCP [Ferraro et al., 1996]. The vertically
integrated Liquid Water Path (LWP) is derived from an
algorithm involving observations at all 4 wavelengths with a
pixel resolution of 25km. SSMI cloud amount (SSMI-CA)
is then defined as the number of pixels where LWP >
0.02mm within a 2.5° x 2.5° grid box. Monthly averages of
SSMI-CA are available over the oceans from July 1987 -
present (currently October 2001) with an 18 month gap
between June 1990—December 1991 when the 85 GHz
channel was shut down.
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Figure 1.

Monthly averages of cosmic rays (solid thick) and globally averaged anomalies (solid thin) of

(a) ISCCP-C4,, and (b) ISCCP-CA4; over the period of available ISCCP-D2 data. The dashed portion of
the curve in (a) includes a drift term calculated by adding the difference between the linear trends seen in
(c) to CA; for each month. The anomalies are found by subtracting the climatic annual cycle for each
month, averaged over the available period of ISCCP observations (July 1983—September 2001), before
averaging over the globe. The shaded region in (a) and (b) denotes the gap in available ISCCP calibration
satellites. (c) Spatial average of ISCCP-CA; (solid) and SSMI-CA (dashed) over regions of significant
correlation (r > 0.5, p > 99%). Both ISCCP-C4; and SSMI-CA have been normalized to their respective
mean and variance over the highlighted period July 1987—June 1990. The solid straight lines represent
the linear trends used in (a) for the respective curves starting July 1994.

[13] The benefit of SSMI over ISCCP is its ability to
observe unobscured liquid water clouds. However, the
SSMI instrument is onboard a single polar orbiting satellite
which generates a global scene of Earth’s cloud cover once
a day. ISCCP uses radiances from a combination of geo-
stationary and polar orbiting satellites that are intercali-
brated using one of the polar orbiting satellites as a
reference. A global cloud scene is produced every 3 hours,
although monthly data is used in the following. Thus, where
the intercalibration is stable, ISCCP has a better spatial and

temporal resolution than SSMI. While SSMI data is useful
to check for stability in long-term trends (performed over a
limited area in the following), ISCCP data is more suitable
for a detailed, global analysis.

[14] Cosmic Rays are represented by the number of
neutron counts made at Huancayo (3km asl, 13GV cut-off
rigidity). This signal contains both Galactic Cosmic Rays
(GCR) and Solar Cosmic Rays (SCR), however at interan-
nual timescales it is the GCR which are dominant. It is
assumed here that GCR observed at Huancayo is represen-
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Figure 2. Monthly averages of cosmic rays (solid) and ENSO index (dashed). Cosmic Rays represent
neutron counts observed at Huancayo (cut-off rigidity 12.91 GeV) and normalized to 1965. The ENSO
index is given by NINO3 which is the average SST over the area 5°N—5°S, 150°~90°W.

tative of interannual trends globally [Svensmark and Friis-
Christensen, 1997, Figure 1].

[15] The ENSO index is given by the average Sea Surface
Temperatures (SSTs) anomalies over the region 5°N-5°S,
150°-90°W, known as NINO3 [Wallace et al., 1998].
Situated in the eastern Pacific off the coast of Peru, the
regions SSTs are governed by surface wind stress influenc-
ing the inclination of the thermocline in combination with
other meteorological forcing and the impact of ocean
dynamics. As surface easterlies weaken (strengthen) with
the evolution of ENSO, so the inclination of the thermocline
falls (rises) and the SSTs in the region defined NINO3
become warmer (cooler) [Peixoto and Oort, 1992]. Note
NINO3 is anticorrelated with SST anomalies in the western
Pacific over Indonesia.

3. GCR-Cloud Correlation

[16] Monthly averages of GCR (solid thick line) and the
global average CA; anomalies (solid thin line) are plotted
together in Figure 1a over the period of available ISCCP-D2
observations (July 1983 —September 2001). The correlation
between CA4; and GCR for July 1983—Sept 1994 has pre-
viously been reported by Marsh and Svensmark [2000b] as
r = 0.63 with significance p > 98% (r = 0.92, p > 99% for
12 month running means). (Note when calculating the sig-
nificance, auto-correlations are taken into account by finding
the effective number of degrees of freedom using the method
of Angell and Korshover [1981]. Unless stated otherwise,
further estimates of significance given below have been
found in this way.) However, for the recently extended data
the correlation and significance between CA; and cosmic
rays weakens, r = 0.26, p > 80% (r = 0.36, p > 80% for 12
month running means). The large decrease in CA; in 1998
seen in Figure la, coincides with a sudden rise in middle
cloud, partially obscuring the satellite view of low cloud
below, which is probably related to the strong El Nifio of
1998 (see Figure 2). Excluding the years after 1998
improves the correlation, r = 0.46, p > 96% (r = 0.72, p >
96% for 12 month running means). However, this does not
account for the poor correlation over the remaining months
between 1994-2001, which raises three possibilities; (1)
there is no cosmic ray - low cloud link and the correlation
between 1983—1994 is an artifact, (2) that the relationship
exists only under certain climatic conditions which change

in time and space, and (3) that there is a problem with the
ISCCP detection of low cloud.

[17] During the period September 1994—January 1995 no
polar orbiting satellite was available to ISCCP for main-
taining a continuous intercalibration and it was necessary to
perform an interpolation instead (see ISCCP homepage,
ISCCP calibration coefficients, available at http://isccp.
giss.nasa.gov/docs/calib.html). This may be responsible
for introducing an artifical component into a number of
ISCCP-D2 parameters, including CA4; and CAy, after Sep-
tember 1994. In Figure 1b an offset is seen in high cloud
amount, CAy,, towards the end of the calibration gap. A less
dramatic offset is also present at around the same time in
CA; (Figure la). The sign of this offset rules out the
possibility of CA4; merely responding to a change in the
overlapping portion of CAz. Whether a systematic change
in the ISCCP cloud cover at all altitudes did occur or is due
to some calibration artifact is a feature which will be
discussed in detail in a future publication (N. D. Marsh
and H. Svensmark, Possible artifacts in the ISCCP-D2 cloud
data between 1994 and 1995, manuscript in preparation,
2003) (available at http://www.dsri.dk/~hsv). However, in
the following a comparison between the long-term trends in
CA; and SSMI-CA are made to test for a possible system-
atic change in cloud cover.

[18] Liquid water clouds detected by SSMI will appear as
either low or middle cloud types to ISCCP depending on
their cloud top pressures. Since it is not possible for SSMI
to distinguish between low and middle clouds, it is impor-
tant to determine regions where ISCCP-C4; and SSMI-CA
are observing similar low cloud properties before investi-
gating any possible deviations in long-term trends. These
low-cloud-dominant regions are selected where a significant
positive correlation (r> 0.5, p > 99%) is found between CA,
and SSMI-CA on a 2.5° x 2.5° degree grid. Limiting the
period over which the correlation is found to July 1987—
June 1990 (36 months) provides a unique opportunity to
independently test for any disagreements in the long term
trends after January 1992. Figure 1c shows the temporal
evolution for the normalized average of C4; and SSMI-CA
over these low-cloud-dominant regions. Both of these
regionally averaged quantities have been normalized to
their respective mean and variance found over the high-
lighted period, July 1987—June 1990. Per definition there is
a good agreement over the period used to select these
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Figure 3. Point correlation maps for the period July 1983 —August 1994 between; (a) GCR and CA4;, (b)
ENSO and C4;, (c) GCR and CTj;, and (d) ENSO and CT;. The correlation coefficient, r, is calculated
from the 12 month running means at each grid box. Only pixels possessing a significant correlation, p >

95% are colored.

regions. However, the period starting January 1992 is
independent of this pre-selection, and the good agreement
until the middle of 1994 confirms that ISCCP and SSMI are
detecting the same relative low-cloud properties over these
regions. After 1994, the two curves diverge displaying
differing trends in their respective long-term means, while
still maintaining a good correlation at shorter time scales
(<~1 year). This divergence occurs at roughly the same
time that ISCCP experiences problems with the satellite
intercalibation.

[19] Figure 1c suggests that there are long-term drifts in at
least one of the satellite data sets. Although it is not possible
to resolve these discrepancies at present, uncertainties in the
drift can be evaluated from the difference between ISCCP
and SSMI after June 1994. One limit of uncertainty can be
seen in Figure la where such a correction is included after
August 1994 (dashed curve), and the agreement with cosmic
rays is somewhat improved, r = 0.60, p > 99% (r=0.89, p >
99% for 12 month running means). While not a proof that
the correlation still holds, the disagreement between ISCCP-
CA; and SSMI-CA and ISCCP’s intercalibration problem
does indicate that the uncertainties in the long-term trends
of cloud properties for the period after August 1994 are
large.

4. Analysis of Period July 1983 to August 1994

[20] From Figure 2 it can be shown that GCR and the
ENSO index are orthogonal, which is reflected in their
correlation coefficient, r = 0.01. This suggests that it is
unlikely ENSO could explain the globally averaged CA,,
however, it does not rule out any regional influences.

[21] Point correlation maps of CA; with GCR and ENSO
for each grid box can be seen in Figures 3a and 3b
respectively. Only grid points possessing a significant
correlation, P > 95%, are colored. Regions of strong GCR

correlation are generally positive, while regions of strong
ENSO correlation are both positive and negative with
roughly equal area weight. Thus when taking a global
average of CA; the ENSO signal will be averaged out,
while the GCR signal survives, as can be seen in Figure 1a.
Also shown in Figures 3c and 3d, are the point correlation
maps of CT; with GCR and ENSO. Again, only grid points
possessing a significant correlation, p > 95 are colored. Note
that in Figures 3a and 3c, the probability of obtaining the
observed fractions of the globe with r > 0.6 by chance has
previously been shown to be <10~ from an ensemble of
Monte Carlo simulations [Marsh and Svensmark, 2000b].
For both CA; and CT; regions correlated with GCR are
complimentary to regions correlated with ENSO such that
the correlation maps are almost orthogonal (where the dot
product gives 89° for CA; and 97° for CT;). These
orthogonality properties suggest that an Empirical Orthog-
onal Function (EOF) analysis would be appropriate.

[22] If GCR and ENSO influences are dominant pro-
cesses related to low-cloud properties at interannual time
scales they should be captured by the leading components
of an EOF analysis. Here the data set is decomposed into a
linear set of independent correlation patterns (spatial com-
ponents) by rotating the correlation matrix to maximize the
fraction of total variance captured by each pattern under the
condition of orthogonality. It is assumed that those patterns
capturing the largest significant variance are the result of
some physical process [Preisendorfer, 1988]. In the current
analysis, this is beneficial for two reasons: (1) The EOF
decomposition does not involve the ENSO or GCR signals
directly, thus if captured by the leading EOF components it
would provide independent evidence that these processes
play a significant role in low-cloud variability, and (2) if this
is the case then it would give an estimate of the relative
contribution from GCR and/or ENSO to the total variance in
the observed low-cloud properties.
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Figure 4. The percentage of total variance captured by each of the first 10 Eigenvalues (black diamonds)
for (a) CAz, and (b) CT7}. In both plots the 95% significance levels obtained from a Monte Carlo (Rule N)
simulation [Preisendorfer, 1988] are given, where the thin line assumes a gaussian distribution with 11
dof, and the dashed line is generated by randomizing the Fourier phases of the cloud data (see text).
Randomizing the Fourier phases is a stricter test which accounts for any autocorrelations that are present.

[23] The leading Eigenvalues, obtained from a correlation
matrix calculated from 12 month running means (11 inde-
pendent points) of CA; and CAy are seen in Figure 4. To
determine which Eigenvalues are significant at p > 95%,
Monte Carlo simulations have been used to generate an
ensemble of correlation matrices from which their respective
Eigenvalues are found. The 100 members of each ensemble
consisted of N independent artificial time series, where N
(~160) is the spatial degree of freedom, as given by Marsh
and Svensmark [2000b]. Two distinct assumptions are used to
generate the artifical time series. In the first case, the artificial
time series are drawn from a gaussian distribution with 11
temporal degrees of freedom (Figure 4, blue lines). In the
second case, the artificial time series are generated by Fourier
transforming the real cloud data, randomizing the phases, and
then Fourier transforming back (Figure 4, green lines).
Randomizing the Fourier phases is a stricter test which
accounts for any autocorrelations that are present. Figures
4a and 4b reveals that under the first assumption the leading

two Eigenvalues are significant at p > 95%, but under the
stricter second assumption only the first Eigenvalue is sig-
nificant at p > 95% while the second Eigenvalue is marginal.

[24] The spatial components of the first two leading EOFs,
i.e., those capturing the greatest percentage of variance, for
CA; and CT; are seen in Figure 5, clearly there are similarities
with the correlation maps of Figure 3. Each spatial compo-
nent has been renormalized so that its modulus is equal to that
for the equivalent correlation map of Figure 3, allowing for
the same color scale to be used for ease of comparison.

[25] The corresponding temporal components (normally
referred to as principle components), T, are found by
projecting the matrix of original low-cloud observations,
D, onto each spatial component, A, in turn:

T =DA (1)

[26] The temporal components for the first two leading
EOFs of CA4; and CArare seen in Figure 6 together with the

Figure 5. Spatial components of the leading 2 EOFs for CA; (a) and (b), and CT7} (c) and (d). The color
scale is the same as in Figure 3. The modulus length of each map has been renormalized to the equivalent
correlation map in Figure 3 for ease of comparison. White pixels indicate regions with either no data or an

incomplete monthly time series.
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Figure 6. Temporal components (solid thick) of the first two EOFs obtained from CA; and CT}. Figures
6a—6d are respectively related to the spatial components in Figure 5, i.e., temporal components of the
leading 2 EOFs for CA; (a) and (b), and CT} (c) and (d). The dashed curves represent GCR in (a) and (c),
and ENSO in (b) and (d). Also plotted are the temporal components (solid thin) obtained when projecting
the cloud properties onto the correlation maps of Figure 3 (see text).

GCR and ENSO signals. The agreement is reasonable
although there are some differences, notably the timing of
the maxima in 1987 for GCR and 1991/92 for ENSO.
These differences are mainly the result of the strict ortho-
gonality requirement which will tend to rotate the spatial
components relative to the correlation maps of Figure 3,
thus affecting the temporal components. To emphasize this
point Figure 6 also includes the temporal components
generated when projecting the low-cloud observations onto
the correlation maps of Figure 3. As might be expected a
much better agreement between these temporal components
and the GCR and ENSO time series is seen. Despite these
differences there is a remarkable similarity in regions
displaying strong positive or negative correlation in Figures
3 and 5. This suggests that the first two leading EOFs of
CA; and CT; could be attributed to GCR and ENSO. The
estimated percentage of variance captured by these respec-
tive EOFs is found to be; 20.6% and 14.9% of CA;
variance, and, 35.5% and 14.9% of CT; variance. This
indicates that the GCR signal is more dominant in low-
cloud interannual variability than ENSO. However, before
there can be confidence that this is a real property of low
cloud, effects influencing the satellite view of the lower
atmosphere must be considered.

5. Satellite View of Low Clouds

[27] Since satellites observe the Earth’s cloud cover from
above their ability to observe variability in low clouds can
be hindered by the presence of overlying cloud [Weare,
2000]. To test whether this effect will influence the inter-
pretation of the above results a “satellite view” of the

atmosphere not obscured by middle and high clouds in
each grid box is defined as:

SATI{)wview =1~ (CAM + CAH)
— CLR + C4, 2)

where CLR represents the fraction of clear sky, i.e., 1 —
(CA; + CAp,+ CAp). Using this definition for SAT,,vie, , the
influence of middle and high cloud amount on satellite
detection of low cloud can be investigated. A strong positive
correlation coefficient, i.e.  ~ 1, between SAT}, i and
CA;, would indicate that the satellites view of low-cloud
variability is hindered by overlying cloud, and that trends in
low-cloud properties reflect the inverse trends from cloud
above. A lack of correlation, 7 ~ 0 indicates that upper cloud
variability is not limiting the ability of the satellites to
capture properties of low cloud. By selecting a minimum
level of significant correlation, 7/;,;;, each grid box can be
designated as contaminated where r > 7y, Those grid
boxes not contaminated are assumed to display the proper-
ties of real low cloud. The determination of 7y, is an
important feature of this analysis and is defined here where
the significance p > 99% and the fraction of variance, 7, is >
50%, i.e., 7y = 0.7 for both annual and monthly averages.

[28] Figure 7 is a replica of Figures 3a and 3c but where
regions colored white now indicate grid boxes (r > 0.7)
contaminated with overlying cloud. Those regions remain-
ing include the significant correlation with GCR for both
CA; and CT;, while contaminated regions include areas
where a strong correlation was previously found with ENSO
(compare Figures 3b and 3d). This latter feature can be
understood from the fact that ascending air motion, respon-
sible for the creation of high cloud, is generally dependent
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on surface temperature, in particular SSTs in tropical
regions [Kent et al., 1995]. Thus atmospheric convection,
and hence high cloud, will evolve with ENSO as the SSTs
of the Pacific wax and wane. The presence of a strong
ENSO signal in regions of high cloud will affect the satellite
view of any low cloud below, resulting in a high correlation
coefficient between CA; and SAT,view, and CA; and
ENSO. The fact that the GCR - low cloud correlation
survives at p > 95% significance suggests it is a feature of
real low cloud, and that cloud processes influenced by GCR
are unlikely to be the result of large-scale dynamical
changes in the atmosphere as with ENSO.

6. Discussion and Conclusions

[29] The interannual variability of ISCCP-D2 low-cloud
properties between July 1983—August 1994 has been
shown to be statistically related to two processes, GCR
and ENSO. ENSO is known to have a strong effect on high
cloud properties over time scales up to decades. The ENSO
signal captured by ISCCP satellite observations of low
cloud appears to be the result of overlapping from clouds
above. The GCR-low cloud link, on the other hand, is
complimentary to the ENSO signal, and is strongest in
regions where satellites have an un-obstructed view of
low cloud. This finding suggests that the GCR - low cloud
correlation over the period July 1983 —August 1994 is based
on real cloud properties.

[30] However, this result is considerably weakened when
analyzing the full period (July 1983—Sept. 2001) of avail-
able data (see Appendix A). This is due to non-stationarities
in the cloud data resulting from either changes in the
underlying physical processes, such as ENSO, or the intro-
duction of artifacts due to calibration problems. The nature
of the offset in CA; (Figure 1a) around 1994/1995 and it’s
presence in a number of other cloud parameters, e.g. CAy
Figure 1b, suggests to us that this may be related to the
calibration gap experienced by ISCCP. This does not mean
that the ISCCP data either side of this offset is of poor
quality, but that the inclusion of the offset will render
artificial any time series analysis. As a result we have
focused on the period July 1983 —August 1994.

[31] Although a correlation exists between GCR and
low-cloud properties, a physical mechanism explaining
the role of GCRs in cloud formation is still speculative.
GCRs are negatively correlated with solar irradiance,
which has led to suggestions that changes in irradiance
may explain the GCR-cloud correlation [Udelhofen and
Cess, 2001]. The correlation coefficient obtained between
CA; and solar irradiance for 12 month running means prior
to the El Nifio in 1998 is, r = —0.73, p > 96%, which is not
significantly different from that obtained over the same
period when correlating with GCR, r = 0.72, p > 96%.
Changes in solar irradiance could modulate cloud proper-
ties through changes in atmospheric circulation either
directly or indirectly via UV effects in the stratosphere.
Direct changes are probably too small to influence atmos-
pheric circulation significantly, however, model studies
have shown that solar variability of UV radiation can affect
temperatures in the stratosphere through absorption by
ozone, and has the potential to influence the large-scale
dynamics of the troposphere [Haigh, 1996; Shindell et al.,
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Figure 7. Point correlation maps where the correlation
coefficient at each grid box is found between; (a) GCR and
CA;, (b) GCR and CT}, as in Figures 3a and 3c, but where
regions colored white now indicate grid boxes contaminated
with overlying cloud (see text).

1999]. Such a mechanism would be expected to have its
strongest impact on convective high cloud, similar to the
effect of ENSO, but forced from above. Udelhofen and
Cess [2001] have shown that ground based observations of
total cloud cover over the US possess a solar signal, which
they suggest could be due to the role of UV induced
circulation changes influencing mainly high cloud with a
weaker effect lower down in the troposphere. However, no
solar signal was found in an analysis of ISCCP-D2 high or
middle cloud [Marsh and Svensmark, 2000b] suggesting
that for ISCCP clouds at least the GCR - low cloud link
cannot easily be explained by circulation changes, and a
mechanism restricted to the lower troposphere is required.
As discussed by Marsh and Svensmark [2000b] recent
theoretical studies indicate that ionization could be a
limiting process for aerosol production in the lower mar-
itime atmosphere [Yu and Turco, 2000a, 2000b], and that
systematic variations in GCR ionization could affect
atmospheric aerosols acting as cloud condensation nuclei
(CCN) for cloud droplets, and hence low-cloud properties
[Yu and Turco, 2001]. Under these conditions, an increase
in GCR would lead to an increase in aerosol and hence a
decrease in cloud droplet sizes. Ferek et al. [2000] have
shown that an increase in aerosol due to ship exhaust can
lead to drizzle suppression which has implications for
cloud lifetimes. If ionization from GCR can be shown to
have a similar affect on aerosol sizes, and subsequently
prolong a clouds lifetime, it would be consistent with the
GCR - CA; correlation reported here. However, it should
be noted that ship tracks are a large perturbation locally,
whereas a possible GCR/CCN mechanism will be a small
perturbation globally.

[32] The connection between GCR-CCN-CT; is not so
clear. Changes in ISCCP’s CT; can be the result of variability
in cloud top height, cloud optical depth, or some undetected
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Figure Al. The percentage of total variance captured by each of the first 10 Eigenvalues (black
diamonds) found for (a) CA4;, and (b) CT; over the period July 1983 —September 2001. In both plots the
95% significance levels obtained from a Monte Carlo (Rule N) simulation [Preisendorfer, 1988] are
given, where the thin line assumes a gaussian distribution with 18 dof, and the dashed line is generated by
randomizing the Fourier phases of the cloud data (see section 3). Randomizing the Fourier phases is a
stricter test which accounts for any autocorrelations that are present.

changes in the atmospheric profile as measured by TOVS.
The direct response in cloud optical depth to an increase
(decrease) in GCR/CCN will be an increase (decrease) in
cloud albedo affecting the reflected VIS radiation, and a
decrease (increase) in cloud transmissivity affecting the IR
radiation leaving cloud tops. Under ISCCP’s assumption of
opaque clouds (i.e., no transmission), an increase (decrease)
in GCR/CCN will lead to an apparent decrease (increase) in
CT;, which is inconsistent with the positive correlation found
between GCR-CT;. However, this does not account for
changes in CCN affecting indirect processes or feedbacks
involving internal cloud dynamics. A further possibility is
that an artificial signal enters C7; that is the result of
undetected changes in the atmospheric profile measured by
TOVS [Wang et al., 1999]. Currently, it is an open question
whether the GCR-CT} correlation is the result of a realistic
process or is an artifact. Despite this lack of uncertainty the
GCR-CCN-cloud link is an appealing mechanism, which

requires confirmation by experiment to determine it’s poten-
tial implications for climate.

[33] There is a need to understand the implications of solar
variability on climate, whether it be through direct solar
irradiance, UV-ozone interactions, or cosmic ray ionization.
The results presented here lend further support to the idea that
at interannual timescales, solar variability has influenced low
cloud. The apparent lack of a solar signal in upper level
clouds points towards a mechanism restricted to the lower
troposphere. Such a feature is more consistent with an effect
from cosmic ray ionization-aerosol interactions rather than
UV-ozone influences on atmospheric circulation.

Appendix A: Analysis of Period July 1983 to
September 2001

[34] In this appendix the EOF analysis in section 3 is
repeated for all available ISCCP-D2 data covering the

D=
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Figure A2. Spatial components ofthe leading 2 EOFs for C4; (a) and (b), and C77 (¢) and (d) for the period
July 1983 to Sept. 2001. The color scale is the same as in Figure 5. The modulus length of each map has been
renormalized to the equivalent spatial components in Figure 5 so that the same color scale can be used for ease
of comparison. White pixels indicate regions with either no data or an incomplete monthly time series.
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Figure A3. Temporal components (solid thick) of the first two EOFs obtained from CA; and CT} for
the period July 1983 to Sept. 2001. Figures A3a—A3d are respectively related to the spatial components
in Figure A2, i.e., temporal components of the leading 2 EOFs for CA4; (a) and (b), and CT}, (c) and (d).
The dashed curves represent GCR in (a) and (c), and ENSO in (b) and (d). The shaded region highlights
the period potentially influenced by the calibration gap; note since 12 month running means are being

used this region is increased by +6 months.

period July 1983 —September 2001. This period includes the
calibration gap experienced by ISCCP between September
1994 —January 1995. It was noted in section 3 and Figures
la and 1b that various IR cloud parameters display an offset
around or after this period. This is either the result of a real
systematic change in global cloud properties, or a calibra-
tion artifact. Such an offset will introduce a non-stationary
component into the time series which can be detrimental for
an EOF analysis. However, for completeness sake we have
chosen to include here the EOF analysis performed on the
full data and highlight the differences with the results of
section 3. In the following, Figures A1-A3 are equivalent
to Figures 4—6 in section 3.

[35] The leading Eigenvalues shown in Figure Al and the
significance at p > 95% are found in the same way as for
Figure 4, section 3. Three eigenvalues are found to be
significant assuming a gaussian distribution, but when
accounting for autocorrelations only the first eigenvalue is
significant at p > 95% while the second is marginal. The
amount of variance captured by the first two EOFs is found
to be; 23.1% and 12.6% of CA; variance, and, 31.6% and
12.7% of CT; variance.

[36] The spatial components of the first two leading EOFs
for CA4; and CT; are seen in Figure A2. The general features
appear similar to the spatial components of Figure 5,
although on closer inspection there is an element of “mix-
ing” between the spatial components and a weakening of
the dominant areas captured, particularly in the second EOF
(compare (b) and (d) in Figures A2 and 5). These differ-
ences are due to a rotation of the EOF vectors derived from
the extended time series. Such features are expected when
the time series are non-stationary.

[37] The temporal components in Figure A3 of CA4; and
CT; indicate that the agreement with GCR for the first EOF
is reasonable up to 1994, as in Figure 6, but thereafter
breaks down. The temporal components for the second EOF
show some resemblance to the ENSO index, but not to the
same extent as seen in Figures 5b and 5d for the shorter
period. Again this is expected when the time series are non-
stationary. For ISCCP-D2 cloud properties this could be the
result of either non-stationary physical processes or an
artifact due to the calibration gap. The former is a likely
explanation for the differences relating to the ENSO index
since the atmospheric response to the strong El Nifio of
1998 was observed to be considerably different to that of the
El Niflo in 1987 [Cess et al., 2001]. It is quite remarkable
that the leading EOF captures a sudden drop in both CA;
and CT, at the time of the calibration gap. This of course
may be a real feature and its timing just coincidence, but the
fact that the drop is apparent in a number of other param-
eters, e.g., high cloud amount Figure 1b, suggests to us that
this might be an artifact due to the calibration gap.

[38] Acknowledgments. The Huancayo neutron counts were supplied
by University of Chicago, “National Science Foundation grant ATM-
9912341.”
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