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1.  INTRODUCTION

The Sun is a variable star which emits electromag-
netic radiation, mass — in the form of transient and
continuous (solar wind) phenomena — and energetic
particles. The solar wind is a plasma that drags the so-
lar magnetic field throughout the interplanetary space,
beyond the Pluto orbit (~40 au; 1 au is the mean dis-
tance between the Sun and the Earth), forming a re-
gion that is known as the heliosphere. Observations of
the Voyager 1 spacecraft indicate that the heliospheric
termination shock is ~94 au (e.g. Webber et al. 2009).
The interplanetary solar magnetic field constitutes a
barrier for the galactic cosmic rays, which consist
mainly of protons produced by various stellar pro-
cesses in our galaxy, mainly supernova remnants (e.g.
Caprioli et al. 2010). The changes in solar activity mod-

ulate, among other phenomena, cosmic ray flux and
the amount of solar radiation received by the planets,
in particular by the Earth. There is a well-known nega-
tive correlation between cosmic rays and sunspots (e.g.
Heber et al. 2006), while total solar irradiance (TSI)
correlates with sunspots (e.g. Solanki & Krivova 2006).

The ionization of the lower terrestrial atmosphere is
a process produced almost exclusively by cosmic rays
(Dorman 2004). Ionization contributes to the formation
of ultrafine aerosols (<20 nm) through gas-particle pro-
cesses, and to the subsequent growth of mature
aerosols, which act as cloud condensation nuclei (Yu &
Turco 2000). Some authors (e.g. Svensmark & Friis-
Christensen 1997, Marsh & Svensmark 2000, Pallé-
Bagó & Butler 2000) reported an important correlation
between the variation in the low cloud cover (LCC)
and the variation in the cosmic ray flux during the
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period 1983–1994, but they did not find good correla-
tions for the case of middle and high clouds during the
same period. The hypothesized cosmic ray–LCC rela-
tionship is, however, contested. While several authors
maintain that cosmic rays are either the main contribu-
tor to radiative forcing through clouds (e.g. Svensmark
2007) or that they can partially affect cloud formation
(e.g. Voiculescu et al. 2006), others consider that cos-
mic rays have a negligible effect on climate (e.g.
Kristjánsson et al. 2008, Erlykin et al. 2009).

Clouds produce, simultaneously, a cooling of the
Earth’s surface when reflecting solar radiation and a
heating by the absorption of terrestrial radiation; the
net effect depends on the cloud type. High clouds,
which are optically thin, tend to heat the surface by the
greenhouse effect, whereas low clouds, which are opti-
cally thick, tend to cool it owing to their high albedo. In
this way, a double effect of the solar activity changes
on the terrestrial climate changes could be proposed:
higher solar activity will produce an increase in both
the solar radiation and the heating of the surface,
which will be reinforced by a reduction in the LCC
owing to a lower atmospheric ionization produced by a
reduction in cosmic ray flux. The opposite process oc-
curs at lower solar activity.

On entering the Earth’s atmosphere, the cosmic rays
interact with the atmospheric constituents, producing
the so-called cosmogenic isotopes. 10Be and 14C are
conspicuous examples of this kind of isotope (Beer et
al. 2006). 10Be is a useful isotope to reconstruct cosmic
rays because it precipitates towards the surface about
1 yr after its production, without presenting attenua-
tion and phase lag effects encountered in, for instance,
14C. McCracken & McDonald (2001) have found a good
agreement between the available instrumental records
of cosmic rays and the ice core 10Be measurements
from the ice core of the site Dye 3 located in Greenland
(Beer 2000) along the period 1933–1976.

To test the cosmic ray–LCC relationship, we use
dthe global infrared LCC annual mean anomaly (de-
seasoned) from the International Satellite Cloud Cli-
matology Project (ISCCP) data base (ftp://isccp.giss.
nasa.gov/pub/data/D2CLOUDTYPES/), which contains
data only for the period 1984–2007. For this same pe-
riod, we also used Moscow Cosmic Ray Neutron Moni-
tor data (http://helios.izmiran.rssi.ru/cosray/main.htm).
An increasing trend of ~0.12% per year is apparent in
the cosmic ray time profile, whereas the LCC presents a
decreasing trend of ~0.59% per year, i.e. it is ~5 times
larger than that of cosmic ray (Fig. 1a). The origin of the
LCC trend could be related to climatic or anthropo-
genic factors, as other authors have proposed (e.g.
Usoskin et al. 2004). We fitted a quadratic curve to the
raw data and detrended them. The correlation coeffi-
cients between the raw and detrended LCC data and

cosmic rays are 0.002 and 0.61, respectively. From Fig.
1b it is evident that the good correlation between the
detrended LCC and the cosmic rays is valid for the pe-
riod up to 2003. Between 2003 and 2006, there is an an-
ticorrelation and from 2006 to 2007 there seems to be
again a correlation. Therefore, we consider that the
overall result is enough to assume that there is a corre-
lation between cosmic rays and LCC.

Previous papers have modeled the effect of solar
activity on the climate in the last centuries, some of
them using TSI in general circulation models (e.g.
Cubasch et al. 1997, Zorita et al. 2004). In a previous
work, using a thermodynamic model and assuming
that cosmic rays can modulate the cloud cover,
Ramírez et al. (2004) showed that, during the period
1984–1990, responses in the order of a few tenths of a
degree can be obtained in the Northern Hemisphere
temperature using the change in CO2 and LCC as
forcing. They did not take into account the changes in
solar radiation because, during that time span, they
were relatively small.

The last 300 yr of the Little Ice Age are characterized
by 3 minima in the solar activity, known as the Maun-
der Minimum (~1645–1710), the Dalton Minimum
(~1795–1823) and a minimum between ~1880 and
1930 that we shall refer to as the Modern Minimum. In
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Fig. 1. Plot of the low cloud cover (LCC) and cosmic ray time se-
ries for the period 1984–2007. (a) thin line: global infrared LCC
annual mean anomaly (de-seasoned) from the International
Satellite Cloud Climatology Project (ISCCP) data; thick line:
detrended LCC data; dashed line: Moscow Cosmic ray Neutron
Monitor Data. (b) Plot of the detrended LCC (solid line) and the 

cosmic ray data (dashed line)
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particular, during the Maunder and Dalton minima, at
least one surface temperature reconstruction presents
anomalies >–0.7°C (Briffa et al. 2001). In the present
study, we extend back the work of Ramírez et al. (2004)
to the period 1610–1985, including the solar radiation
changes, as they were prominent during the 3 solar
activity minima that occurred along the time span that
we are considering.

2.  THERMODYNAMIC CLIMATE MODEL

In the experiments reported here, we use the ther-
modynamic climate model (TCM), which is described
in detail in previous works (Adem 1964, 1965, 1970,
1979, 1991, Adem et al. 2000). The TCM consists of an
atmospheric layer of about 10 km thickness, which
includes a single variable horizontal cloud layer, an
oceanic mixed layer of 60 m in depth and a continental
layer of negligible depth. It also includes a variable
snow-ice layer over the continents and the ocean. The
basic prognostic equations are those of conservation of
thermal energy applied to the atmosphere–ocean–
continent system, which yields 2 equations, whose
variables are the mid-atmospheric temperature (Tm)
and the surface temperature (Ts) of the oceans and con-
tinents. A monthly time averaging of these variables is
used in the model. In order to linearize them, the
absolute temperatures (Tm and Ts) used in the equa-
tions are taken as perturbations (T ′), according to the
corresponding method, from respective constant val-
ues, i.e. T = T0 + T ′, with T ′ << T0.

The numerical integration of the model equations is
carried out using an implicit scheme, which is de-
scribed in Adem et al. (2000). In this way, Tm is com-
puted by solving the following linear elliptic differen-
tial equation:

(1)

where ∇2 is the 2-dimensional Laplace operator in the
map coordinates x and y, and are known
functions of the map coordinates and K is an ‘Aus-
tausch’ coefficient equal to 3.5 × 106 m2 s–1; this value
corresponds to the scale of migratory cyclones and an-
ticyclones of the middle latitudes, which transport the
heat in the atmosphere from the equator to the poles.

The surface temperature perturbation (T ′s) on the
oceans and continents can be expressed as a function
of the mid-atmospheric temperature perturbation (T ′m),
the cloud cover (ε) and the surface albedo (α) through
the following linear algebraic equation:

(2)

where T ′sp is the surface temperature perturbation in
the previous month and F ′8, F8, F9, F10 and F11 are

known functions of the map coordinates, which are
given by Adem (1965). F ′8 is zero in the continents and
different from zero in the oceans, so that T ′s depends on
T ′sp in oceanic regions. The method to compute the
cloud cover and the surface albedo of the cryosphere
are given in Sections 3.1 and 3.2, respectively.

Eq. (1) is solved using the Liebmann relaxation
method (Thompson, 1961), and the integration region
is that of the US National Meteorological Center, a grid
of 1977 points with 408.5 km resolution, which is
superposed on the polar stereographic projection of
the Northern Hemisphere. We assumed that the heat
transport through the lateral boundary (close to 12° N)
is zero, so that the solution at the boundary is given by
T ′m = F ′2 / F ′1 which is also used as a first guess in the
relaxation method to get the solution in the interior.
The relaxation finishes when the numerical solutions
in 2 consecutive iterations have a difference of
~0.001°C, which means that the model errors are
~0.001°C for all the points in the integration region.

The solution of Eq. (1) is used in Eq. (2) to obtain the
surface temperature of oceans and continents. In the
TCM, a computed monthly change (DN) is obtained by
subtracting the computed climatologic normal of refer-
ence (N) in the period 1961–1990, according to IPCC
(2001, 2007), from its computed abnormal value. The
annual values are obtained by averaging the corre-
sponding 12 mo.

The TCM also computes the change in the latent
heat released by condensation of water vapour in the
clouds (G5DN) and the precipitation change is assumed
to be proportional to G5DN.

3.  FEEDBACK IN THE MODEL

The TCM has 3 positive feedbacks associated with
the 3 water phases, which are described by Adem &
Garduño (1998) and are considered in a detailed way
in Chapter 7 of the IPCC Third Assessment Report
(IPCC 2001).

3.1.  Snow/ice feedback

In previous papers (Adem 1981a,b), the surface
albedo is generated internally in the model by cou-
pling the 0°C surface isotherm (over continental
ground or ocean) with the boundary of the snow-ice
layer. This coupling yields the temperature–snow/ice
feedback, where an initial increase of temperature
produces a decrement of the snow-ice layer on the
ground or the ocean. This decrement of the snow-ice
layer reduces the surface albedo, which produces an
increase in the temperature, the opposite occurs for an
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initial decrement of temperature (positive feedback).
In the present study, the extension of the snow-ice
layer is computed by assuming that, for surface tem-
peratures <–4°C, the surface is covered by snow and
ice, and that it is free of snow and ice at temperatures
>4°C. Between the isotherms of ±4°C, it is assumed
that there is a linear transition of a surface with snow-
ice to a surface without it. In this case, the surface
albedo (α) can be expressed as a function of the surface
temperature. Therefore, in agreement with Sellers
(1969), we have the following expression for α:

(3)

where tS = TS – 273.15°, α0 is the surface albedo with
only permanent snow and/or ice on the ground, which
in the present climate is taken as the normal value for
August; and α1 is the surface albedo with snow and/or
ice everywhere, which is taken as the normal value for
January at grid points where there is snow or ice in
that month and equal to 45% where there is neither
snow nor ice in the same month.

3.2.  Cloud feedback

The complexity of the response of clouds to climate
changes was identified as a major source of uncer-
tainty in the climate models (IPCC 2001, 2007). The
clouds have the property of reflecting and absorbing
the solar radiation and, therefore, to cool the Earth’s
surface. Additionally, they absorb and emit long-wave
radiation and, consequently, warm the surface. In the
TCM, the predominance of one of these effects over
the other depends on the geographic position of
clouds. In the polar regions, they warm the surface,
mainly by absorption of terrestrial radiation (the
greenhouse effect predominates). In mid and tropical
latitudes, they cool the surface, mainly by reflection of
solar radiation (the albedo effect predominates). More-
over, we suppose that the clouds absorb and emit long-
wave radiation as a black body, as is true for the
Earth’s surface. The changes in cloud cover, internally
computed, are a linear function of the changes of the
heat released by condensation of water vapour, which
is a linear function of the computed changes in mid-
tropospheric temperature (Adem 1965). An initial in-
crease of temperature produces a decrement in the
cloud cover, which favours an additional heating of the
troposphere and the surface; the opposite occurs with
an initial decrement of temperature (i.e. positive feed-
back). In the TCM, cloud cover is introduced as a nor-
mal mean value plus a change. Therefore, the frac-

tional cloud cover (ε) can be expressed (see Ap-
pendix 1) as:

(4)

where εNob is the seasonal normal value in the present
climate, and εDN and εCRDN are the cloud cover changes
computed by the model (internal forcing) and those gen-
erated by cosmic ray flux (external forcing), respectively.
The factor 0.693 in Eq. (4) is the result of the superposi-
tion of the normal cover of high clouds (13.5%) and mid-
dle clouds (19.9%) The cloud cover changes, εDN, are cal-
culated as determined by Clapp et al. (1965) and
incorporated to the TCM (Adem 1965). These changes
are given by the following multiple regression equation:

(5)

where d2 is a constant, TmN is the normal value of Tm,
and b′, d ′′ and c ′′ are the correlation coefficients,
which depend on the space coordinates x and y and
the season. The sum of the terms inside the brackets is
equal to the latent heat changes released by the con-
densation of the water vapour.

3.3.  Water vapour feedback

We hypothesise that the relative humidity in the
troposphere remains constant over long-term changes
in climate. When the temperature increases, as a result
of the Clausius–Clapeyron equation, the atmospheric
concentration of the water vapour should increase sig-
nificantly in the atmosphere. Because water vapour is a
powerful greenhouse gas, its incorporation in the cli-
mate models, with the assumption that the relative
humidity remains constant, produces an important ad-
dition to the warming that results from the increase in
the atmospheric CO2 concentration. This positive feed-
back of the water vapour is considered one of the most
important feedbacks to take into account in climatic
models, according to IPCC (2001).

In the TCM, the atmospheric layer absorbs and emits
as black body between 0 and 8 μm, between 8 and
12 μm it absorbs and emits a small fraction of the black
body, and between 12 and 19 μm, in the shared band of
the H2O and CO2, it absorbs and emits a fraction of the
black body that depends on the content of precipitable
water and CO2 in the atmosphere, in agreement with
the logarithmic formulas of Smith (1969), described by
Adem & Garduño (1988). The change of precipitable
water is computed by assuming that the relative
humidity averaged in the troposphere is conserved
with climate change. Thus, an initial increase in the
temperature produces an increase in the precipitable
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water, which produces an increase in the absorption of
longwave radiation and a tendency toward the satura-
tion of the superposed bands of the H2O and CO2, giv-
ing an additional heating of the troposphere and sur-
face. The opposite occurs with an initial decrement of
temperature (positive feedback).

4.  EXTERNAL FORCING DATA

The historical CO2 records of 1010–1975 come from
3 ice cores — DE08, DE08-2 and DSS in the Law Dome,
East Antarctica — and are available from the Carbon
Dioxide Information Analysis Center, Oak Ridge
National Laboratory (http://cdiac.ornl.gov). The at-
mospheric CO2 concentration data, for the period
1010–1975, were taken from this web site. For the
period 1976–1985, the atmospheric CO2 concentra-
tions were obtained from NOAA (www.cmdl.noaa.
gov/ccg/figures). Fig. 2 shows the annual atmospheric
CO2 concentrations for the period 1010–1985 obtained
from these 2 sources. The figure indicates that the CO2

concentration remains approximately constant at 280
ppm from 1010 to 1550. Between 1550 and 1800, a rel-
ative minimum, marked by a reduction of ~10 ppm, is
observed, probably caused by the decrement in tem-
perature during the Little Ice Age. From 1850 onwards,
a persistent increase in the CO2 concentration is
observed, caused mainly by the burning of fossil fuels.

Solar irradiance is the solar activity product that has
the most obvious impact on the Earth’s climate. The
reconstruction of the TSI for 1610–2000 is presented in
Fig. 3 and was taken from Lean (2000). We observe
that the Maunder Minimum (~1645–1710) is the
longest time span that presented a nearly constant TSI
(~1363.5 W m–2).

Svensmark (1998) assumed that the high-energy
secondary particles produced by the cosmic ray fluxes

can penetrate the atmosphere to depths of low cloud
formation. Later, Marsh & Svensmark (2000) recon-
structed the change in LCC using the changes in cos-
mic ray fluxes measured in the neutron monitor at
Huancayo, Peru. The available period of LCC data was
from 1983 to 1994; they extended their LCC recon-
struction to 1952–1999. According to Marsh & Svens-
mark (2000), the global mean for LCC for the period
1983–1994 is 28%. Using this value, we obtained a lin-
ear correlation between the reconstructed LCC per-
centage (28% plus its changes induced by cosmic ray
changes) and the 10Be concentration (Beer 2000), con-
sidering a 1 yr delay between the 2 series (Fig. 4). The
correlation coefficient for the period 1952–1985 is 0.60.

Fig. 5 shows the LCC percentage (28% plus its
changes), obtained from the linear regression equation
in Fig. 4 and the 10Be time series for the period
1425–1985.
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Fig. 2. Annual atmospheric CO2 concentration for the period
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the Carbon Dioxide Information Analysis Center, Oak Ridge
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Fig. 3. Total solar irradiance (TSI) annual mean from 1610 to
2000 (Lean 2000). Between 1900 and 2000, an increase of
~0.09% in the TSI was observed. From 1675 (Maunder 

Minimum) to 2000, the increase was almost 0.2%
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5.  NUMERICAL EXPERIMENTS

In the TCM, the 3 mechanisms of positive feedback
are taken into account and 2 types of experiments are
carried out. (1) TCM1 includes the annual changes in
TSI and atmospheric CO2 concentration; (2) TCM2 also
includes changes in the TSI and CO2, as well as the an-
nual changes in LCC induced by cosmic rays. In both
experiments, the model is run for the period 1610–

1985, which is inside the second half of the Little Ice
Age and contains the Maunder (~1645–1710), Dalton
(~1795–1823) and Modern minima.

An index of agreement (IOA) between the computed
annual surface temperature anomalies, averaged over
the Northern Hemisphere, and the corresponding
reconstructions carried out by different authors was
used. The IOA reflects the degree of exactness with
which a model computes the size and distribution of a
variable, regardless of units. This index varies between
0 and 1; a value of 1 indicates perfect agreement be-
tween the observed and computed values and 0 de-
notes a complete disagreement. Willmott (1981) ex-
presses the IOA as:

(6)

where Ci is the i-value of the computed variable, Oi is
the i-value of the observed variable, O is the mean
value of the observed variable and M is the number of
values that each variable takes.

6.  RESULTS AND DISCUSSION

In Fig. 6 we present the 5 yr running mean of the
Northern Hemisphere mean temperature anomalies
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for the period 1610–1985 for both experiments. For
comparison purposes, the reconstruction of Mann &
Jones (2003) in the period 1000–1985 is also shown.
The IOA between the temperature reconstruction of
Mann & Jones (2003) and TCM1 and TCM2 are shown
in Table 1. It is clear that TCM2 represents the recon-
structed time series better than TCM1 (Fig. 6, Table 1).
Moreover, Table 2 shows the largest drops in tempera-

ture during the 3 minima considered. In comparison to
TCM1, the inclusion of clouds (TCM2) induces a
stronger decline in temperature (68 versus 82%).

In Fig. 7 we present the 5 yr running means of the
mean surface temperature anomalies of 6 time series
reconstructed by several authors for April-September
(all starting in 1000 and ending in different years) in
continental regions north of 20°N; the figure also
shows the TCM2 results (along 1610–1985) and the
observed data for the period 1873–1985. The TCM2
temperature anomaly means, the mean of the observed
time series and the IOA between those series are pre-
sented in Table 3. In general, the TCM2 experiment
shows good agreement with the various reconstructed
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vTime series Mean (°C) IOA

Mann & Jones (2003) –0.28 –
TCM1 –0.19 0.75
TCM2 –0.28 0.92

Table 1. Northern Hemisphere temperature anomaly means
and the index of agreement (IOA) between a temperature re-
construction and the TCM1 and TCM2 experiments for the 

period 1610–1985

Minima Temperature anomalies (°C) Percentage
TCM1 TCM2 (%)

Maunder –0.27 –0.46 70
Dalton –0.22 –0.37 68
Modern –0.17 –0.31 82

Table 2. Comparison of the 3 minima temperature anomalies
between the TCM1 and TCM2 experiments. Percentage (%) = 

[(TCM2 – TCM1)/TCM1] × 100

Fig. 7. The 5 yr running mean of the surface temperature anomalies, relative to the 1961–1990 period. The 8 time series corre-
spond to the April–September mean anomalies from all land regions north of 20° N. The TCM2 temperature anomalies are
computed using total solar irradiance, atmospheric CO2 concentration and low cloud cover (LCC) induced by cosmic rays

Time series Period Mean (°C) IOA

Jones et al. (1998) 1610–1985 –0.29 0.74
Mann et al. (1999) 1610–1979 –0.22 0.60
Briffa et al. (2001) 1610–1958 –0.34 0.69
Briffa (2000) 1610–1985 –0.29 0.76
Overpeck et al. (1997) 1610–1985 –0.27 0.72
Crowley & Lowery (2000) 1610–1985 –0.37 0.83
Jones et al. (1999) 1873–1985 –0.13 0.74
TCM2 1610–1985 –0.37 –

Table 3. Northern Hemisphere April–September means of
surface temperature anomalies and the index of agreement
(IOA) between several temperature reconstructions and the 

TCM2 results
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and observed temperature anomalies, the highest
agreement being with the reconstruction of Crowley &
Lowery (2000) (Fig. 7, Table 3). For a review of several
reconstructed temperatures for the past 2 millennia,
see also Jones & Mann (2004).

Fig. 8 shows the TCM2 Northern Hemishpere sur-
face anomalies in temperature (°C) and precipitation
(%) for summer and winter for 1707. This year is at the
end of the Maunder Minimum (Fig. 3), when the per-
centage of LCC reached the highest value of the
period 1425–1985 (Fig. 5) and the effect of the cosmic

ray–LCC relationship on surface temperature was
stronger. Fig. 8a,b shows a generalized cooling in the
Northern Hemisphere during summer and winter,
which is greater on the continents and in high lati-
tudes. The cooling in summer is associated with a de-
crement in precipitation in the North Central Atlantic
and the Caribbean Sea, and an increase in precipita-
tion around 30° N on continental areas, mainly in
North Africa and SE Asia (Fig. 8c). In winter, the cool-
ing is associated with a decrement of precipitation in
high latitudes (Fig. 8d).
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Fig. 8. Northern Hemisphere (a,b) surface temperature anomalies (°C) and (c,d) precipitation anomalies (%; hatched areas: neg-
ative values) in (a,c) summer and (b,d) winter relative to 1961–1990 obtained from the TCM2 experiment. The anomalies are 

computed for 1707
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The long-term Palmer Drought Severity Index (PDSI)
reconstruction is reported by Esper et al. (2007) for the
past 953 yr in Morocco, NW Africa. The PDSI recon-
struction shows generally drier conditions before
~1350, a transition period from dry to wet conditions
between ~1350 and ~1450, and generally wetter condi-
tions during most of the Little Ice Age until the 1970s.
This reconstruction is in concordance with the com-
puted precipitation by the TCM for summer and winter
in NW Africa (Fig. 8c,d).

Of particular interest is the computed rainfall for
summer in Mexico (Fig. 8a), which is consistent with
that reported by Lozano-García et al. (2007). These
authors point out that the dry summer conditions in the
Caribbean Sea and in the NW Yucatan during the Lit-
tle Ice Age are related to a southward displacement of
the Intertropical Convergence Zone and, conse-
quently, to a reduction in the moisture supply by trade
winds from the Caribbean Sea.

The registered volcanic activity during the studied
period provides a forcing of approximately –6.0 W m–2

for the most intense volcanic event (Crowley 2000), but
in a relatively short time (~2 yr) compared with the cli-
matic response. Nevertheless, also it can be a possible
cause of additional cooling that has not been taken into
account in the present experiments. In a future study it
will be included in the model.

7.  CONCLUSIONS

We found that a reduction in solar activity can pro-
duce a cooling of the planetary surface temperature,
caused by both a decrease in the TSI and an increase
in the LCC. The latter is assumed to be produced by an
atmospheric ionization increase owing to the increases
in cosmic rays. The strongest decreases in temperature
during the 3 solar activity minima considered in the
present study were approximately –0.46°C for Maun-
der, –0.37°C for Dalton and –0.31°C for Modern.

The experiments carried out show that the changes
in the reconstructed LCC obtained from 10Be can sig-
nificantly reduce the simulated surface temperature,
as is shown by the comparison between the TCM1 and
TCM2 experiments. Moreover, there is good agree-
ment between TCM2 and the reconstructed tempera-
ture anomalies. The agreement between the recon-
structed and the TCM temperature anomalies is better
for TCM2 than for TCM1.

Also, the experiments show a generalized cooling in
the Northern Hemisphere, which turns out to be greater
on the continents and at high latitudes. This cooling is as-
sociated with a decrement in precipitation at high lati-
tudes in the winter and in oceanic areas in the summer,
and an increase at low latitudes, mainly in North Africa.
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If we suppose that the change in the cosmic ray flux arriving to the atmos-
phere can induce a change in LCC, then the total fractional cloud cover, εT,
can be expressed as:

(A1)

where εH, εM and εL are the high, mid and low cloud covers, respectively, and
εCRDN is the LCC change induced by cosmic rays.
Eq. (A1) can be expressed as:

(A2)

where:

(A3)

is the cloud cover generated by internal processes in the atmosphere.
Moreover, we can express this cloud cover as:

(A4)

where εN is the normal value (long-term mean) of ε and εDN is the change or
anomaly of ε internally generated. εN can be expressed by Eq. (A3) by using
normal values for the high, mean and low cloud covers. Moreover, εDN can be
expressed approximately by the following equation:

(A5)

where the N and DN subscripts refer to normal and changes or anomalies
(departure from normal), respectively. In Eq. (A5) we have eliminated non-
linear terms containing the products of the form: εHDN εMDN, εHDN εLDN and
εMDN εLDN.

In agreement with Marsh & Svensmark (2000), εH = 13.5% and εM = 19.9%
are the normal values1 for high and medium cloud cover for the period from
July 1983 to September 1994. Therefore, using these values and Eq. (A4) in
Eq. (A2), we obtain an equation that can be used in the thermodynamic cli-
mate model (TCM):

(A6)

where we have changed εT to ε, and now εNob represents the observed nor-
mal cloud cover.

In the TCM, εDN is computed as follows:

(A7)

where D2 is an empirical constant and G5DN is the change or anomaly of the
latent heat released by condensation of water vapour computed by the
model (Clapp et al. 1965, Adem 1965).

1Climatological or normal values are computed using a long period of 30 yr.
In the case of missing data, the normal values can be computed using peri-
ods of at least 10 yr (WMO 1966)

εDN 5DN= D G2

ε ε ε ε= + +Nob DN CRDN0 693.

ε ε ε ε ε ε ε εDN MN LN HDN HN LN MDN)= − − + − − + −( )( ) ( )( (1 1 1 1 1 HHN MN LDN))(1 − ε ε

ε ε ε= +N DN

ε ε ε ε= − − − −1 1 1 1( )( )( )H M L

ε ε ε ε εT H M CRDN= + − −( )( )1 1

ε ε ε ε εT H M L CRDN= − − − − −1 1 1 1( )( )( )

Appendix 1. Cloud parameterization
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