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[1] Although controversial, many observations have
suggested that low-level cloud cover correlates with the
cosmic ray flux. Because galactic cosmic rays have likely
decreased in intensity over the last century, this hypothesis,
if true, could partly explain 20th century warming, thereby
upsetting the consensus view that greenhouse-gas forcing
has caused most of the warming. The ‘‘ion-aerosol clear-
air’’ hypothesis suggests that increased cosmic rays cause
increases in new-particle formation, cloud condensation
nuclei concentrations (CCN), and cloud cover. In this paper,
we present the first calculations of the magnitude of the ion-
aerosol clear-air mechanism using a general circulation
model with online aerosol microphysics. In our simulations,
changes in CCN from changes in cosmic rays during a solar
cycle are two orders of magnitude too small to account for
the observed changes in cloud properties; consequently, we
conclude that the hypothesized effect is too small to play a
significant role in current climate change. Citation: Pierce,

J. R., and P. J. Adams (2009), Can cosmic rays affect cloud

condensation nuclei by altering new particle formation rates?,

Geophys. Res. Lett., 36, L09820, doi:10.1029/2009GL037946.

1. Introduction

[2] The effect of solar variability on the Earth’s climate
remains a controversial area of climate change science.
Cycles in numerous climate phenomena, including tropo-
spheric and stratospheric temperatures, sea-surface temper-
atures, sea-level pressure, and low-level cloud cover have
been observed to correlate with the 11-year solar cycle
[Crooks and Gray, 2005; Gleisner and Thejll, 2003;
Labitzke, 2005]. Although uncertainties remain, for many
current estimates of climate sensitivity and response times
of the climate system to external forcings, the variation in
solar irradiance over the cycle of about 0.1% is insufficient
by itself to explain the �0.1 K variation in tropospheric
temperature associated with the solar cycle [Douglass and
Clader, 2002; Svensmark and Friis-Christensen, 1997].
Therefore, there has been a search for other mechanisms
to explain observed climate correlations with the solar
cycle, including the effect of UV variations on stratospheric
chemistry as well as hypothesized effects coupling cosmic
rays, aerosols, and clouds [Forster et al., 2007].
[3] The galactic charged-particle (cosmic-ray) flux to

the Earth’s lower atmosphere varies by about 15% over the

11-year solar cycle, driven by changes in the solar wind with
higher cosmic ray fluxes to the troposphere during the solar
minimum [Carslaw et al., 2002]. A correlation between the
atmospheric cosmic-ray flux and global low-level cloud
cover was first reported by Svensmark and Friis-Christensen
[1997] with less cloud cover during the solar maximum
(when the cosmic-ray flux is at a minimum). The global
cloud cover was found to vary by 2–4% through the solar
cycle, corresponding to changes in radiative forcing of 1–
2 W m�2 (globally averaged, the shortwave forcing of
clouds is about 47 W m�2 [Kim and Ramanathan, 2008]).
The observed correlation remains controversial, however, as
other analyses have shown both strong correlations [e.g.,
Harrison and Stephenson, 2006] and weaker or no correla-
tion [e.g., Sun and Bradley, 2002].
[4] Cosmic-ray proxies indicate that the cosmic-ray flux

has decreased over the past century by an amount similar to
the cosmic-ray change during a solar cycle [Carslaw et al.,
2002]. If the strong potential connection of cosmic rays and
the cloud radiation budget described above is correct, this
cosmic-ray change would have caused a significant positive
(warming) radiative forcing of 1–2 W m�2 during the 20th
century (for present-day aerosol conditions, similar to the
observed solar cycle correlations). Such a connection would
strengthen the relationship between solar variability and
global temperature and greatly upset a consensus view of
anthropogenic climate change; however, the physics con-
necting cosmic rays and clouds are still uncertain and a
physical representation of the effect of cosmic rays on
clouds has not yet been tested in climate models.
[5] Much of the uncertainty in the cosmic ray-cloud

coupling comes from poor understanding of the physical
mechanisms connecting cosmic rays to clouds. The driving
factor of these physical connections is the formation of
small ions when cosmic rays interact with atmospheric
gases in the Earth’s lower atmosphere. Two mechanisms
have been proposed that link cosmic-ray-induced ion forma-
tion to changes in cloud cover: the ion-aerosol ‘‘clear-air’’
mechanism and the ion-aerosol ‘‘near-cloud’’ mechanism
[Carslaw et al., 2002]. The ion-aerosol clear-air mechanism
has generally received the most attention and is the focus
here. It occurs when the formation of new atmospheric
particles (aerosol nucleation) is enhanced by the presence of
these ions (ion-induced nucleation) [Carslaw et al., 2002].
The newly formed particles, with diameters of approximately
1 nm, may grow in the atmosphere through the condensation
of gases, such as sulfuric acid and low-volatility organics, to
sizes where they act as cloud condensation nuclei (CCN),
generally around 80–100 nm for stratus clouds. Increases in
CCN number lead to increases in the number of cloud
droplets, which in turn may lead to more reflective and
more persistent clouds [Forster et al., 2007]. There are,
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however, several factors dampening the effect of cosmic
ray/ion-induced nuclei on CCN and cloud cover: 1) most
nucleated particles are lost through coagulation before
reaching CCN sizes [Pierce and Adams, 2007], 2) a
significant fraction of CCN are derived from primary
emissions (particles emitted directly from sources such as
cars and the ocean), which should not be modulated by
cosmic rays [Pierce and Adams, 2009], and 3) most of the
ionization potential of cosmic rays is at high altitude and
high latitude, so in order to modify low clouds at low
latitudes (as is often seen in the cosmic ray/cloud correla-
tions [Carslaw et al., 2002]), the CCN must be transported
vast distances. Physical models exploring the potential of
the ion-aerosol clear-air mechanism as a possible connec-
tion between cosmic rays and clouds must account for these
dampening factors.
[6] In this paper, we determine the ability of cosmic rays

to modify cloud properties through the ion-aerosol clear-air
mechanism using a global model of the Earth’s atmosphere
with online aerosol nucleation and microphysics. Previous
global evaluations have addressed the contribution of nucle-
ation in general to CCN [e.g., Pierce and Adams, 2009;
Spracklen et al., 2008] and the global contribution of cosmic
rays to new-particle formation [Lucas and Akimoto, 2006],
but not their subsequent growth to CCN. To our knowledge,
this is the first paper to evaluate ability of cosmic rays to
modulate CCN concentrations globally.

2. Methods

[7] To address the coupling of cosmic rays and CCN, we
calculate the number and composition of aerosol particles as
a function of particle size and time throughout the lower
atmosphere (troposphere and lower stratosphere). Addition-
ally, we simulate the gas-phase DMS, SO2, H2SO4 and
secondary organic aerosol (SOA) precursor concentrations
relevant, allowing us to calculate the aerosol nucleation
rates and growth of these new particles to CCN sizes. The
simulations are performed in the Goddard Institute for
Space Studies General Circulation Model II-prime (GISS
GCM II-prime) [Hansen et al., 1983; Rind and Lerner,
1996] with online aerosol microphysics using the TwO-
Moment Aerosol Sectional (TOMAS) microphysics algo-
rithm [Adams and Seinfeld, 2002]. The up-to-date details of
aerosol emissions and microphysics in the model are
described by Pierce and Adams [2009] (base-case present-
day emissions). Each run is initialized for three months
followed by a full year of simulation. The results in this
paper are annually averaged.

3. Simulations Details

[8] Table 1 describes the four simulations presented here
and provides global particle number budget data. We

simulate years with high (solar min) and low (solar max)
cosmic ray fluxes approximately corresponding to years
1986 and 1990, respectively, leaving all other model inputs
constant. Ion-formation rates from cosmic rays are calcu-
lated using the method of Usoskin and Kovaltsov [2006]
with input for solar minimum and solar maximum time
periods (modulation potential of 0.4 and 1 GV, respectively).
Decay of 222Rn contributes to ion production near the
Earth’s continental surface and is prescribed based on
Bricard [1965] and is constant between simulations.
Throughout most of the free troposphere, the ion-pair
production rate changes by 15–30% between the solar
maximum and minimum, with changes less than 10% in
the boundary layer. Because the mean cosmic-ray flux is
thought to have decreased throughout the 20th century by a
similar magnitude as the change during the solar cycle
[Carslaw et al., 2002], these simulations show whether or
not these cosmic ray changes may be affecting present-day
climate. We simulate two different ion-induced nucleation
schemes in order to address uncertainties in ion-induced
nucleation. The first scheme (MODGIL) is the parameter-
ization of Modgil et al. [2005], in which the aerosol
nucleation rate as a function of the ion-pair formation rate,
sulfuric acid concentration, temperature, relative humidity
and existing aerosol surface area. We apply the scheme only
when temperature is less than 260 K to prevent unrealistic
behavior of the curve fit at higher temperatures [Lucas and
Akimoto, 2006]. This limitation of the MODGIL scheme
may affect its ability to predict changes in low-level cloud
cover [e.g., Svensmark and Friis-Christensen, 1997] as
nucleation will not occur in the boundary layer except for
at high latitudes; however, nucleation events in the free
troposphere may still affect CCN in the boundary layer. In
the second scheme (IONLIMIT), we assume that every ion
produced, positive or negative, will nucleate a particle
provided that there is enough sulfuric acid to grow the
particle to a diameter of 1 nm. While this may produce
nucleation rates that are unreasonably high, it will provide
an upper limit on the contribution of ion-induced nucleation
to new-particle formation and CCN within our model
framework. Each of the two ion-induced nucleation
schemes is simulated for both high and low cosmic ray
years.

4. Aerosol Nucleation Rates

[9] Figure 1 shows zonal average maps of the annually
averaged nucleation rates (formation rate of stable particles
with diameters�1 nm) duringmaximum solar activity and the
ratio of aerosol nucleation rates between years of minimum
and maximum solar activity for both nucleation schemes.
The nucleation rates in MODGIL-MAX (Figure 1a) show
moderate nucleation rates (�10�2 cm�3 s�1 at 273 K and

Table 1. Overview of Simulations With Global Aerosol Number Budgetsa

Simulation
Name

Ion-Induced Nucleation
Parameterization Solar Activity

Nucleation
Rate (cm�3s�1)

CCN(0.2%)
(cm�3)

CCN(0.2%)
Min:Max Ratio

MODGIL-MIN Modgil et al. [2005] min 8.7E-03 1.45E+02 1.00004
MODGIL-MAX Modgil et al. [2005] max 1.9E-03 1.45E+02 1.00004
IONLIMIT-MIN All ions form new particles min 6.3E+01 1.63E+02 1.00079
IONLIMIT-MAX All ions form new particles max 5.1E+01 1.63E+02 1.00079

aDetailed descriptions of simulations in text. Values normalized by tropospheric volume at 273 K and 1 atm.
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1 atm) in the upper troposphere and colder lower tropo-
sphere. Nearly everywhere, the rates change by less than a
factor of 2; however, the nucleation rates increase greatly
near the poles above the 500 hPa level (Figure 1c). Globally,
the nucleation rates increased between MODGIL-MAX and
MODGIL-MIN by over a factor of 4 (Table 1).
[10] Because every ion in the presence of even a tiny

amount of sulfuric acid vapor nucleates a particle, the
nucleation rates in IONLIMIT-MAX (Figure 1b) follow the
same spatial pattern as the ion formation rates. The nucleation
rates in IONLIMIT-MAX (>10 cm�3 s�1 at 273 K and 1 atm)
are much larger than the MODGIL-MAX simulations
(�25,000 times faster globally, Table 1). The increase
in the nucleation rates between IONLIMIT-MAX and

IONLIMIT-MIN (Figure 1d) is similar to the increase in
ion production rates between the solar maximum and mini-
mum: a 24% increase in nucleation rate globally (Table 1).
[11] The changes in the global nucleation rates between

the solar minimum and maximum provide an upper bound
on the global change in CCN (if primary emissions did not
contribute to CCN and all nucleated particles became CCN).
However, the changes in CCN in the atmosphere must be
lower.

5. CCN Concentrations

[12] Figure 2 shows zonal-average maps of the annually
averaged CCN at 0.2% supersaturation (CCN0.2%), a typical

Figure 1. Annually averaged pressure (hPa) versus latitude plots of (a) nucleation rates (cm�3 s�1 at 273 K and 1 atm) in
the MODGIL-MAX simulation, (b) nucleation rates (cm�3 s�1 at 273 K and 1 atm) in the IONLIMIT-MAX, (c) ratio of
nucleation rates in MODGIL-MIN to those of MODGIL-MAX, and (d) ratio of nucleation rates in IONLIMIT-MIN to
those of IONLIMIT-MAX. Gray areas in panel Figure 1c reflect areas where average nucleation rates were less than
10�6 cm�3 s�1 at 273 K and 1 atm during one of the simulations.
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supersaturation reached in low stratus clouds [Pruppacher
and Klett, 1997]. Figures 2a and 2b show the CCN0.2%

concentrations duringmaximum solar activity. In bothMOD-
GIL-MAX (Figure 2a) and IONLIMIT-MAX (Figure 2b),
the CCN0.2% are highest in the northern hemisphere mid-
latitude lower troposphere. The CCN0.2% concentrations
here are dominated by emissions of particles directly from
anthropogenic sources. Globally, IONLIMIT-MAX has
12% more CCN0.2% than MODGIL-MAX due to the faster
nucleation rates. A simulation that turned off all nucleation
while keeping all other inputs constant (NONUC of Pierce
and Adams [2009], not shown here) has 17% fewer CCN0.2%

than MODGIL-MAX and 26% fewer CCN0.2% than
IONLIMIT-MAX globally. Although IONLIMIT-MAX has

several orders magnitude faster nucleation than MODGIL-
MAX, there is only the relatively small increase in
CCN0.2%. This insensitivity is due to a limited amount of
material that can condense onto the particles to allow them
to grow from �1 nm to �80 nm in diameter.
[13] Figures 2c and 2d show the ratio of the CCN0.2%

concentrations between the years of minimum and maxi-
mum solar activity for both ion-induced nucleation
schemes. For either scheme, there is almost negligible
sensitivity of CCN0.2% to the changes in the nucleation rate
between the solar maximum and the solar minimum. Glob-
ally for the MODGIL simulations, there is a 0.004%
increase in CCN0.2% even though there is a factor of 4
increase in the new particle formation rate, and for the

Figure 2. Annually averaged pressure (hPa) versus latitude plots of (a) CCN0.2% concentrations (cm�3 at 273 K and 1 atm)
in the MODGIL-MAX simulation, (b) CCN0.2% concentrations (cm�3 at 273 K and 1 atm) in the IONLIMIT-MAX, (c) ratio
of CCN0.2% concentrations in MODGIL-MIN to those of MODGIL-MAX, and (d) ratio of CCN0.2% concentrations in
IONLIMIT-MIN to those of IONLIMIT-MAX.
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IONLIMIT simulations, there is a 0.08% increase in
CCN0.2% from a 24% increase in the nucleation rate (Table 1).

6. Discussion

[14] The CCN concentrations in these tests are quite
insensitive to the changes in nucleation rates that occur
between the solar minimum and maximum. The insensitiv-
ity of CCN to aerosol nucleation merits further explanation.
At faster nucleation rates, more nm-sized particles are
competing for condensable gases that grow to CCN sizes.
Each particle thus grows more slowly, keeping the particles
at the smallest sizes where they have fast coagulational
scavenging timescales [Pierce and Adams, 2007]. Although
more particles have formed giving the potential for more
CCN to form, the probability of any particle surviving to
CCN size is much lower. This strong negative feedback
strongly dampens the sensitivity of CCN to changes in the
new-particle formation rate (dampening effect). Finally,
emissions of primary particles contribute a significant
fraction of tropospheric CCN and do not vary with solar
activity (primary emissions effect). These two effects are
strongly apparent when comparing three simulations with
very different nucleation rates. A simulation by Pierce and
Adams [2009], NONUC, without nucleation but otherwise
identical to these simulations, has an annual-average
CCN0.2% concentration of 116 cm�3. This simulation can
be compared with MODGIL-MIN (annual-average nucle-
ation rate is 8.7� 10�3 cm�3 s�1 and CCN0.2% is 145 cm�3)
and IONLIMIT-MIN (annual-average nucleation rate is
6.3� 101 cm�3 s�1 and CCN0.2% is 163 cm�3). The primary
emissions alone in NONUC account for much of the CCN
seen in the other simulations (primary emissions effect). The
CCN0.2% increase by 25% with the addition of the relatively
low nucleation rates in the MODGIL simulations; however,
the CCN0.2% only increase by another 12% when the
nucleation rates are increased to the IONLIMIT rates that
are 4 orders of magnitude higher (dampening effect).
[15] How might these small changes in CCN affect cloud

properties? Here we use a simple test to estimate the
potential shortwave radiative forcing due to an increase in
cloud droplets. We assume that the change in cloud radia-
tive forcing is primarily by low-level stratus clouds with a
supersaturation 0.2% and a dark surface underneath, that
cloud liquid water content is constant, and that changes in
cloud droplet number correspond linearly to changes in
CCN0.2%. The following equation is used to estimate the
change in the sun’s energy reflected by these clouds
between the solar maximum and minimum [Seinfeld and
Pandis, 2006].

DFc ¼ � 1

3
F0AcT

2
a Rc 1� Rcð ÞD lnN ð1Þ

We assume that: F0, the incoming shortwave flux, is 343 W
m�2; Ac, the fractional area covered by clouds, is 0.3; Rc,
the albedo of the clouds, is 0.5; Ta, the globally-averaged
above-cloud transmittance, is 0.76; and N, the number of
cloud droplets is equal to the globally averaged CCN0.2%

[Seinfeld and Pandis, 2006]. Given these values, the change
in the sun’s energy reflected by clouds, DFc, induced by a
0.1% change in CCN (the maximum effect of cosmic rays

on CCN0.2% simulated here) is 0.005 W m�2 (averaged over
cloudy and clear areas).
[16] The test above assessed the change in cloud reflec-

tivity due to a change in cloud-droplet number caused by
cosmic rays at constant cloud cover; however, this does not
include the various cloud microphysical and dynamical
feedbacks, such as changes in precipitation, cloud lifetime
and cloud depth, which may also occur because of changes
in CCN (generally cosmic ray correlations in the literature
are with cloud-cover extent [Carslaw et al., 2002]). Never-
theless numerousmodeling studies show that these feedbacks
to changes in CCN affect the solar reflection comparably to
the cloud-albedo effect [Denman et al., 2007]. Therefore, the
changes in cloud cover and thickness from the changes in
CCN induced by clear-sky ion-induced nucleation changes
during both the solar-cycle and centennial-scale changes in
cosmic rays should also be of order 0.01 W m�2. Even
including the feedbacks, this is two orders of magnitude too
small to explain the changes seen in cloud cover [Svensmark
and Friis-Christensen, 1997] or to be a significant contrib-
utor to present-day climate change. Because we have only
simulated present-day conditions, the role of cosmic rays on
CCN prior to present-day conditions remains uncertain,
although Pierce and Adams [2009] found that the sensitivity
of CCN to nucleation was similar between pre-industrial
and present-day simulations. Regardless, any changes in the
cosmic ray flux during the 20th century have likely had little
impact on present-day climate.
[17] Because models are imperfect, uncertain factors such

as the condensation rate of secondary organic aerosol
(SOA) and the primary emissions rate will, under more
favorable conditions, increase the effect of cosmic rays on
CCN. Pierce and Adams [2009] and Spracklen et al. [2008]
showed that the sensitivity of CCN0.2% to changes in
aerosol nucleation rates is greater with more SOA and/or
less primary aerosol emission. These known uncertainties
will affect the results; however, based on the sensitivity
studies of Pierce and Adams [2009] and Spracklen et al.
[2008], even at the most favorable conditions for CCN0.2%

sensitivity to nucleation, the CCN0.2% would only change
by several tenths of a percent throughout the atmosphere
because of changes in the cosmic-ray flux, still more than an
order of magnitude too low to account for the reported
changes in cloud properties. An additional and potentially
non-trivial uncertainty exists in the growth and loss of
particles smaller than 10 nm diameter within the model.
This growth is parameterized and does not account for self
coagulation of nucleation-mode particles (this will be more
important at the faster nucleation rates of the IONLIMIT
cases).
[18] Based on the results of these simulations, we con-

clude that – barring any strong biases due to model
uncertainties – the ion-aerosol clear-air mechanism is too
weak to explain putative correlations between cloud cover
and the solar cycle. This does not rule out the potential
legitimacy of the connection between cosmic rays and
clouds by other physical mechanisms. Further work needs
to be done with detailed cloud models to determine the
strength of other potential mechanisms.
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