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Abstract. The effect of the Galactic Cosmic Ray (GCR) 1 Introduction

flux on Earth’s climate is highly uncertain. Using a novel

sampling approach based around observing periods of sigevidence of links between small changes in solar activity and
nificant cloud changes, a statistically robust relationship isEarth’s climate has been identified by several palaeoclimatic
identified between short-term GCR flux changes and thestudies (e.g., Bond et al., 2001; Neff et al., 2001; Mauas et
most rapid mid-latitude (60-30° N/S) cloud decreases op- al., 2008). However, as yet, there is no accepted physical
erating over daily timescales; this signal is verified in sur- Process which can fully account for such observations. Sev-
face level air temperature (SLAT) reanalysis data. A Gen-€ral theories have been suggested, and, of these, perhaps the
eral Circulation Model (GCM) experiment is used to test the Most contentious proposes a relationship between the Galac-
causal relationship of the observed cloud changes to the ddic Cosmic Ray (GCR) flux and cloud cover (Svensmark and
tected SLAT anomalies. Results indicate that the anomalou§Tiis-Christensen, 1997).

cloud changes were responsible for producing the observed Previous studies attempting to test the validity of a GCR
SLAT changes, implying that if there is a causal relation- — cloud connection have tried to use the GCR flux to in-
ship between significant decreases in the rate of GCR fluxer cloud changes; the majority of these studies have ei-
(~0.79 GU, whereGU denotes a change of 1% of the 11- ther revolved around the daily timescale, high magnitude, in-
year solar cycle amplitude in four days) and decreases ifrequent GCR decreases known as Forbush Decrease (FD)
cloud cover (\,1_9 CU, whereCU denotes a Change of 1% events (Laken et al., 2010; Laken and Kniveton, 2010), or
cloud cover in four days), an increase in SLA?FC(OS KU, Iong-term (annual-to-decadal) correlations between the GCR
whereKU denotes a temperature change of 1 K in four days)flux and cloud cover (Marsh and Svensmark, 2000). How-
can be expected. The influence of GCRs is clearly distin-€ver, both approaches may be inherently flawed, as they
guishable from changes in solar irradiance and the interplana@ssume a first-order relationship (i.e. presuming that cloud
etary magnetic field. However, the results of the GCM ex-changes consistently accompany GCR changes), when in-
periment are found to be somewhat limited by the ability of Stead, a second-order relationship may be more likely (i.e.
the model to successfully reproduce observed cloud covethat cloud changes only occur with GCR changes if atmo-
These results provide perhaps the most Compe”ing evidencépheric conditions are suitable). Indeed, evidence of second-
presented thus far of a GCR-climate relationship. From thisorder relationships between GCR and cloud variations has
analysis we conclude that a GCR-climate relationship is govb€een implied by the results of Harrison and Ambaum (2009).

erned by both short-term GCR changes and internal atmoT0 address this issue, we adopt a fresh approach by perform-
spheric precursor conditions. ing a composite (epoch-superpositional) analysis based on

periods of significant cloud change and then examining cor-
responding solar-related variations. If, under certain con-
ditions, GCR-related effects influence cloud changes, then
constructing the composite in this manner will automatically
account for any dependence of a GCR — cloud connection
on initial precursor conditions (as such conditions will have
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The composite sample is based around the most rapidqg. (1). Eachdccvalue is then ranked, and then the dates
(>0.95 percentile) daily timescale decreases in short-ternwith the largest negative changes are compiled. This com-
cloud changes occurring over mid-latitude regions. We choseosite is then filtered to remove dates which were coincident
to focus on this region for several reasons: (i) a prevalencevithin a —10 to +3 day period of preceding dates to remove
of stratified clouds (which may be an important precursorconsecutive dates from the composite.
condition) (Nicoll and Harrison, 2010); (ii) reliable satel- (5 an A 4 x13)
lite cloud retrievals compared to high- latitude regions; anddcc’ = x" — 3 Q)

(iii) past studies suggest sensitivity of cloud modulation by . . . _

GCRs over such regions (Harrison and Ambaum, 2009; Tins- In this study, normallsed_ units are usgd '.”Stead of apso-
ley and Dean, 1991; Veretenenko et al., 2007; Harrison an(ﬁ)"te va_llues; thgse are a first order denvguve, determ|.ned
Stephenson, 2006). Critically, normalised units are used ove y takl_ng the difference of an average da'.ly yalug against
absolute values, as we propose that neutral and electricall)f3 moving three day averaging period beginning f'\./e days
enhanced cloud variability may be distinguished by the ra-P1'or to each date (|o_lent|cal_to Eq. 1). Thg two-day interval
pidity of their changes; this hypothesis is based on the resuIt.l:)ew\“:‘\en the averaging period and the differenced date ac-

of model and observational studies which suggest that GCRgount:s for temporal autocorrelation present in the data. GCR

may (either directly or indirectly) increase the efficiency of 'ata for this Stl.de are drawn from' nine different baromet-
cloud forming processes (e.g., Duplissy et al., 2010; Tins-ic pressure-adjusted neutron monitor datasets, selected for

ley and Yu, 2004; Tinsley et al., 2006; Yu and Turco, 2008). both their long term monitoring records and their global dis-

Short-term cloud change are calculated from the infrared (IR)trIbUtlon (these are namely: Apatity, Climax, Kiel, Magadan,

retrieved International Satellite Cloud Climatology Project Mcmurdo, Moscow, Newark, South Pole and Thule). Short-

(ISCCP) D1 dataset, while GCR values are based on an amalerm GCR changes are calculated for each individual neutron
' onitor; the values are then all calibrated to be relative to the

gamated dataset of neutron monitors from locations acros’ ket KGCR fi h . dat h individ
the globe. ISCCP data is an inter-calibration of data recorded©a3%-t0-pea uxchanges experienced at each Individ-

from a fleet of international satellites. It provides long-term, _ual neutror_1 monitor over the 11-year SO'?“ cycle and finally
global cloud coverage, for a wide range of cloud and atmo_mtegrated into one dataset. Thus, the units of GCR changes

spheric variables (Rossow et al., 1996). In this work we used here are given agU”, defined as a change of 1% of

have used total cloud amount (VIS/IR), and IR cloud amountthe 11.-yea.r solar cycle a}m'plitude in_ four days. All other units
at seven different pressure levels at intervals between zodivenin this work are similarly defined, where temperature
hange is denotedKU” (a change of 1K in four days) and

1000 mb. ISCCP data is provided on an equal-area grid of

280x 280 kn?. Chief limitations associated with the data in- .CIOUd change is denotgd:p” (a.ch.a_nge of 1% cloud cover
clude issues of artificial cloud changes resulting from satel " four days) etc.). Statistical significance of the datasets are

lite drifts and inter-calibration problems, and also viewing evaluated using paired two-tailed Students T-tests, with crit-

limitations (i.e. viewing of low clouds may be obscured by ical T-values (at the 0.95 level) established by Monte Carlo

presence of higher clouds directly above). These, and addigimulations.

tional problems, are considered in detail by several research
groups (e.g., Evan et al. 2007; Campbell, 2004;&2&005, 3 Results
and references therein).

The composite sample shows a positive correlation between

statistically significant cloud changes and variations in the
2 Data and methods short-term GCR flux (Fig. 1): increases in the GCR flux

occur around day-5 of the composite, and correspond to
The epoch-superposition (composite) methodology used irsignificant localised mid-latitude increases in cloud change.
this study is similar to the approach of previous FD basedAfter this time, the GCR flux undergoes a statistically sig-
studies (see Laken and Kniveton, 2010; Todd and Knivetonpificant decrease~1.2 GU) centred on the key date of
2001). The composite is constructed to represent the largeshe composite; these changes correspond to widespread sta-
(top 5%) decreases in short-term cloud changes over the midistically significant decreases in cloud change3( CU,
latitude (60—30 N/S) regions (i.e. the most rapid decreases~1.9 CU globallyaveraged) over mid-latitude regions. A lat-
in cloud cover over the mid-latitudes) detected by the IRitude/height profile of the key date cloud changes reveals that
retrieved ISCCP D1 (Rossow et al., 1996) dataset betweethe anomalous cloud decreases are predominantly located at
1986 to 2006. The dates of the top 5 % cloud changes arenid- to low tropospheric levels (Fig. 2). It is important to
selected by firstly calculating the differential cloud change note that these anomalous changes bear a remarkable latitudi-
over area-averaged mid-latitude regions, (where the differennal symmetry and appear linked to the high-pressure return-
tial cloud changedcc) of each day is equal to daily average flow regions associated with the Hadley cells. Comparable
cloud changex(), minus an averaging period of three days anomalies are identified over both IR and VIS ISCCP chan-
which begins five days prior to each date, as illustrated innels (Fig. 3). The VIS anomalies are slightly smaller than
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Fig. 1. (A) Short term GCR change (significance indicated by

markers) an@B) anomalous cloud cover changes (significance indi- . - .
cated by solid contours) occurring over the composite period. ccriherefore discount the possibility that an alternative solar-

data sourced from multiple neutron monitors, variations normalisedt€restrial mechanism is operating (such as those detailed
against changes experienced over a Schwabe cycle. Cloud changBy¥: Tinsley, 2008; Douglas and Clader, 2002; Haigh, 1996;
are a tropospheric (30-1000 mb) average from the ISCCP D1 IRKniveton et al., 2003).
cloud values. During the key day mid-latitude cloud cover decreases,
NCEP/NCAR reanalysis data (Kalany et al., 1996) show
that the surface level air temperature (SLAT) underwent
their IR-detected counterparts; such differences between thg statistically significant increase 0f0.1 KU over mid-
IR/VIS channels are ||k9|y attributable to the limited observ- latitude regions »(/005 KU as a g|0ba| average) (F|g 53),
ing periodicity of VIS detections, which are restricted to the thjs temperature forcing is consistent with the radiative im-
circle of illumination, and are therefore unable to considerpacts of decreasing mid- to low-level cloud cover over mid-
cloud amount during night-time periods. Consequently, this|atitudes. Although a correlation between cloud changes
produces differences in the daily averaged cloud amounts oband the GCR flux is evident, it cannot be determined if the
served between IR/VIS channels. cloud/SLAT changes are causally related to the GCR, or if
An analysis of solar interplanetary magnetic field (IMF) the cloud/SLAT anomalies are merely a product of internal
(Fig. 4a, b), total solar irradiance (TSI) taken from the Active climate variations. To address this issue, a HadAm3 (van der
Cavity Radiometer Irradiance Monitor (ACRIM) reconstruc- Wal, 1998) General Circulation Model (GCM) experiment
tions (Willson and Mordvinov, 2003) (Fig. 4c), and ultravi- is conducted which attempts to reproduce the observed mid-
olet (UV) activity (Fig. 4d) suggests that the IMF and irra- latitude anomalous cloud changes; this is done by directly
diance parameters demonstrate some (non-significant) varimanipulating the SW/LW radiation schemes through the use
ability over the composite period; when considered togetherpf code-altering inserts (known as modscripts), which arti-
these changes likely indicate the occurrence of short-ternficially increase/decrease cloud amount over prescribed ar-
minima/maxima in solar activity that are possibly related eas and times, by the use of scale factors based on the ob-
to solar Carrington rotations. However, only the rate of served anomalous cloud changes. The series of forced cloud
GCR flux undergoes correlated and statistically significantchanges were repeated in regularly-spaced temporal inter-
co-temporal variations to cloud changes over the composvals, over several 5-year runs, these were then composited,
ite period. These results suggest that the effects we obserwereby constructing a type of initial-condition ensemble,
are independent of other solar phenomena and that we caequivalent to the temporal period of the observations (in
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Fig. 3. Anomalous rates of cloud changes (30—1000 mb) displayed over the globe fa)dfR and(B) VIS ISCCP D1 channels; only
locally significant (0.95 confidence level) anomalies are displayed.

both number of events and the composite period). Thecloud scheme, which has been shown to largely underesti-

HadAm3 model was run at the standard N48 resolution, withmate cloud cover over the globe (Webb et al., 2001; Zhang

19 vertical levels. et al., 2005). Underestimation of cloud amount has the ef-

fect of restricting the cloud amount which can be altered
The_ GCM results successfully pro_duced a patt(_ern Ofduring the GCM experiment (i.e. cloud can only be reduced

.SLAT Increase co_mparfable to observations (Fig. 5b), |mply--f it pre-exists within the GCM, as the model which under-

ing a causal relationship between the observgd cloud-SLA produces cloud this may present a limiting factor upon the

changes. Between days5 to +3 (after the first appear- experiment).

ance of significant cloud changes) the observed correlation

coefficient between SLAT and cloud cover was found to be

R =-0.91. Over the same period, the GCM demonstrated4 Discussion

a correlation coefficient oR = —0.93, indicating that the
observed cloud-climate relationship was reproduced by thel'he strong and statistically robust connection identified here

GCM. However, the magnitude of the SLAT changes wasbetween the most rapid cloud decreases over mid-latitude
far smaller than that observed (by75%) and the anomalies regions and short-term changes in the GCR flux is clearly
did not demonstrate any statistical significance. These dif-distinguishable from the effects of solar irradiance and IMF
ferences may be attributed to the shortcomings of HadAm3variations. The observed anomalous changes show a strong
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A shows the rates of anomalous IR-detected cloud change oc-

curring over Atlantic, Pacific and land regions of the mid-
latitudes during the composite period, and a comparable pat-
tern of cloud change is observed over all regions, indicating
no significant bias is present.

Additional considerations should be given to the results of
Kristjansson et al. (2002), who demonstrated the presence
of large differences between IR and VIS ISCCP cloud re-
trievals; a low confidence should be placed in detected cloud
changes where IR and VIS cloud detections disagree. How-
ever, the results presented in this work identify comparable,
locally significant anomalous cloud changes over both IR
and VIS channels (Fig. 3), confirming that the IR-detected
anomalies are reliable.

There are two theoretical micro-physical mechanisms via
which a GCR-cloud link may function: the first, referred to
as ion-mediated nucleation (IMN), operates by the catalysa-
tion of new ultrafine condensation nuclei (e nm in di-
ameter) from trace condensable atmospheric vapours by ions
(Raes et al., 1986). Through condensation and coagulation
these nuclei may grow to sizes ofL00 nm in diameter, be-
coming sufficiently large enough to act as cloud condensa-
tion nuclei (CCN) (Yu et al., 2008). CCN concentration con-
trols cloud droplet number concentration, which influences
L S A L AL macro-scale cloud properties such as reflectivity as well as
T R rainfall generation efficiency in low level stratus clouds. As
rainfall processes are an important factor influencing cloud
Fig. 4. Anomalous changes in tif&) IMF Bz(north-south) compo-  lifetimes, changes in rainfall generation may potentially alter
nent,(B) IMF By (east-west) component, (IMF units itU”, denot-  the average cloudiness of a region (Carslaw et al., 2002).
ing a change of 1 n/T in four day$§T) Total Solar Irradiance (TSI) The second mechanism is known as the near-cloud effect,
from the Active Cavity Radiometer Irradiance Monitor (ACRIM) and functions via a link between the global electric circuit
reconstructions (units inTU”, denoting a change of 1 W/in four (GEC) and cloud microphysics. The GEC is made up of the
days) andD) MG Il UV index (units in “MU", denoting a change  jonosphere (which is maintained at a potentiahef50 kV
of 1 unit in four days_). S_tat_lstlcally S|gn|f|ce_1nt anomalies indicated by upward current from thunderstorms and other electrified
by markers, dotted line indicates 0.95 confidence level. . . .

clouds) and the vertical current density, which flows down-

wards from the ionosphere to the Earth’s surface~(at+

6 pAm~2) over all fair-weather regions. The GCR flux main-
latitudinal symmetry around the equator; alone, this pat-tains the atmosphere as a weakly conducting plasma, as a re-
tern gives a good indication of an external forcing agent, assy|t variations in the GCR flux modulate the vertical current
there is no known mode of internal climate Var|ab|l|ty at the density' Since clouds eﬁectively scavenge small ionsy electri-
timescale of analysis, which could account for this distinc- ca| conductivity within clouds is far lower than in surround-
tive response. It is also important to note that these anomamng clean air regions. Consequently, cloud boundaries act
lous changes are detected over regions where the quality ofs conductivity gradients, resulting in charge accumulation.
satellite-based cloud retrievals is relatively robust; results ofas a result, charges of100¢e are transferred to aerosols
past studies concerned with high-latitude anomalous clougng cloud droplets at cloud boundaries (Nicoll and Harrison,
changes have been subject to scrutiny due to a low confion10), which may affect aerosol scavenging rates (Tinsley
dence in polar cloud retrievals (Laken and Kniveton, 2010; gt al., 2001; Tripathi and Harrison, 2002). It has been sug-
Todd and Kniveton, 2001) but the same limitations do notgested that this effect may be significant to the concentrations
apply here. of both CCN and ice forming nuclei (IFN) within clouds,

Although mid-latitude cloud detections are more robustand as a result may influence macro-scale cloud properties.
than those over high latitudes, Sun and Bradley (2002) identiHowever, the exact effect resulting from such a mechanism
fied a distinctive pattern of high significance between GCRsis unclear, as scavenging rates appear to be a complex func-
and the ISCCP dataset over the Atlantic Ocean that corretion of droplet/particle size, concentration, and charge den-
sponded to the METEOSAT footprint. This bias does notsity (Tinsley et al., 2007).
appear to influence the results presented in this work: Fig. 6

IMF Bz (IU)

IMF By (IU)

TSI (TU)

MGl index (MU)
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Fig. 6. The mean rate of IR-detected cloud change (30—1000 mb)
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suggested link between GCR and cloud cover. Based on the
relationships observed in this study, and assuming that there
is no linear trend in the short-term GCR change, we specu-
0 9 8 7 6 5 4 3 2 1 0o 1 2 3 late that little ¢-0.088°C/decade) systematic change in tem-
Day perature at mid-latitudes has occurred over the last 50 years.
However, at shorter time-scales this phenomenon may con-

Fig. 5. Anomalous mid-latitude (60-30° N/S) average tropo- : s . . 0
spheric (30-1000 mb) cloud cover changes (solid line) and surfac érlbute to natural variability, potentially reducing detectabil

level air temperature changes (dashed line) f{@nobservations Ity of an anthropogenic signal.
and (B) the HadAM3 GCM. Markers indicate statistically signifi-

cant anomalies (above the 0.95 confidence level). Solid grey shade .

and dotted lines indicate the 0.95 level confidence intervals for mear?  Conclusions

cloud and air temperature changes, respectively.

Modelled mid-latitude cloud change (CU)
-1
|

This work has demonstrated the presence of a small but
statistically significant influence of GCRs on Earth’'s atmo-
sphere over mid-latitude regions. This effect is present in
_Although the results presented here are not suitable to propoth |SCCP satellite data and NCEP/NCAR reanalysis data
vide detail regarding the potential microphysical processesor at least the last 20 years suggesting that small fluctuations
related to a GCR-cloud link, we may speculate based on oufy, sojar activity may be linked to changes in the Earth’s at-
observations: aerosol impoverished clean-air oceanic regio”n%osphere via a relationship between the GCR flux and cloud

are thought to be the most likely locations for an IMN mech- ¢oyer: such a connection may amplify small changes in solar
anisms to be of consequence to cloud cover (Rosenfeld et algivity. In addition, a GCR — cloud relationship may also

2006; Kristansson et al., 2008; Yu etal., 2008). The location 4t in conjunction with other likely solar — terrestrial rela-

of the observed anomalous cloud changes, over mid-to-lovjgnships concerning variations in solar UV (Haigh, 1996)
tropospheric levels occur over both land and ocean regiongq total solar irradiance (Meehl et al., 2009). The climatic
(Fig. 6). Cloud changes over land are found to be larger thay cings resulting from such solar — terrestrial links may have
those over ocean regions; this implies that these changes afgyq 5 significant impact on climate prior to the onset of an-
r}ot dependent on regional aeroso'l properties (Whlch are d'sthropogenic warming, accounting for the presence of solar
tinct between land and ocean regions). Therefore, if a GCRycle relationships detectable in palaeoclimatic records (e.g.,
related process is responsible for influencing the observeg g et al., 2001; Neff et al., 2001; Mauas et al., 2008).
cloud anomalies this suggests it may be linked to the GEC  priher detailed investigation is required to better under-
rather than to an IMN process. stand GCR — atmosphere relationships. Specifically, the use
It should be noted that although the GCM experiment cor-of both ground-based and satellite-based cloud/atmospheric
roborates the observed link between changes in cloudinessionitoring over high-resolution timescales for extended
and SLAT, it does not provide any further information on the periods of time is required. In addition, information
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