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Abstract Due to the dramatic increase in the global mean
surface temperature (GMST) during the twentieth century,
the climate science community has endeavored to deter-
mine which mechanisms are responsible for global warm-
ing. By analyzing a millennium simulation (the period of
1000-1990 ap) of a global climate model and global cli-
mate proxy network dataset, we estimate the contribution
of solar and greenhouse gas forcings on the increase in
GMST during the present warm period (1891-1990 Ap).
Linear regression analysis reveals that both solar and
greenhouse gas forcing considerably explain the increase in
global mean temperature during the present warm period,
respectively, in the global climate model. Using the global
climate proxy network dataset, on the other hand, statistical
approach suggests that the contribution of greenhouse gas
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forcing is slightly larger than that of solar forcing to the
increase in global mean temperature during the present
warm period. Overall, our result indicates that the solar
forcing as well as the anthropogenic greenhouse gas forc-
ing plays an important role to increase the global mean
temperature during the present warm period.

1 Introduction

The global mean surface temperature (GMST) gradually
increased during the twentieth century. According to the
Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (Trenberth et al. 2007), the GMST
increased by approximately 0.74 £ 0.18 °C between the
years 1906 and 2005. Based on observations and model
simulations, furthermore, many previous studies argue that
global warming has been continuous (Tett et al. 1999;
Meehl et al. 2005).

The effects of natural and greenhouse gas (GHG) forc-
ings on such the global increase in temperature have been
estimated in many studies (Beer et al. 2000; Meehl et al.
2003; Scafetta and West 2006; Lean and Rind 2008; Sch-
wartz et al. 2010). There is no doubt that the climate sci-
ence community is endeavoring to address which
mechanism is primarily responsible for global warming.
Specifically, investigations are focusing on how much
natural external forcing or GHG forcing explains recent
and ongoing increases in the GMST. It is believed that the
increased concentration of GHG plays a key role to
increase GMST since the industrial period. Carbon dioxide
(CO,) and methane (CH,) are the primary GHG species
except water vapor that directly influences the GMST,
specifically by increasing the longwave radiative flux from
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the atmosphere to the surface of Earth (Trenberth et al.
2007). In addition to the GHG forcings, however, radiative
forcings due to such as external solar forcing and internal
volcanic forcing may be responsible for the variations of
GMST (Lean et al. 1995; Crowley and Kim 1996; Free and
Robock 1999; Tett et al. 1999; Bertrand et al. 2002; Bauer
et al. 2003; Cho et al. 2012). This perspective is mostly
based on the facts that the actual contribution of GHG
forcings to changes the radiative budget is unclear and
natural external forcings other than GHG forcings may be
useful in explaining some of the variability in GMST on
decadal-to-centennial timescales.

Among them, it has been suggested that solar forcing,
which increases over the twentieth century, may be an
alternative explanation for the GMST variations (Lean
et al. 1995; Rind et al. 2004; Song et al. 2010). High
correlations between solar forcing and climate variability
have been shown to exist on time scales ranging from the
11-year solar cycle to many millennia, and it has been
suggested that solar forcing could be an important driver of
GMST (Mann et al. 1998; Beer et al. 2000; Crowley 2000;
Douglass and Clader 2002; Scafetta and West 2006).
Interestingly, recent studies have shown that even the rel-
atively short-term 11-year solar cycle forcing can amplify
the climate system (Reid 1997; Meehl et al. 2009; Misios
and Schmidt 2012) and also ultraviolet irradiance varia-
tions to speculate that a solar cycle could have influence on
regional winter temperatures using a model study since
2003 (Ineson et al. 2011).

Although the aforementioned studies provide useful
individual insights about the global climate, the relative
contributions of natural, in particular, solar forcing, and
GHG forcings to changes in the GMST are still unclear.
The climate science community attempts to overcome this
deficiency by using climate model simulations and/or
paleo-climate proxy data. To estimate the relative con-
tribution of natural and GHG forcings during the present
warm period, we analyze ECHO-G coupled general cir-
culation model (CGCM) which is forced by both natural
and GHG forcings covering 1000-1990 AD called ERIK
simulation (Gonzalez-Rouco et al. 2003; Zorita et al.
2003, 2005; von Storch et al. 2004; Min et al. 2005a, b;
Liu et al. 2009; Xueyuan et al. 2011). Furthermore, we
also use a global climate proxy network dataset provided
by Mann et al. (2008) to compare with the results
obtained by the ERIK simulation. Details of the ERIK
simulation and global climate proxy network dataset are
discussed in Sect. 2.

It is known that anomalous warm climate occurred
around AD 950-1250, which is called medieval warm
period, although the concentration of greenhouse gases is
low and almost fixed during those periods in comparison
with the present warm period (Hughes and Diaz 1994;
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Crowley and Lowery 2000; Mann 2002; Mann et al. 2009).
That is, the medieval warm period is similar to the present
warm period except but the concentration of GHG. In the
ERIK simulation, specifically, we compare the two dif-
ferent warm periods, i.e., the medieval warm period and the
present warm period. While the natural forcing maybe
responsible for the variations of GMST during the medie-
val warm period, both the natural and GHG forcing may be
responsible for the warming of GMST during the present
warm period. By calculating the relationship between the
GMST and solar forcing during the both periods, we esti-
mate how much natural forcing and GHG forcing explains
the variations of GMST during the present warm period.
Furthermore, we also use a statistical approach, i.e., Monte
Carlo methodology, to estimate the contribution of solar
forcing and GHG forcing using the global climate proxy
network dataset and then we compare the former with the
latter.

2 Data and ERIK simulation validation

The coupled model used in this study is the ECHO-G
model, which consists of the spectral atmospheric model
ECHAM4 coupled with the global ocean circulation
model HOPE-G using the OASIS coupler. Both models
were developed and implemented at the Max-Planck
Institute for Meteorology in Hamburg (Legutke and Voss
1999). The configuration used for this simulation has 39
vertical levels, including 19 in the atmosphere and 20 in
the ocean, and horizontal resolutions of 3.75° (atmo-
sphere) and 2.8° (ocean) in both latitude and longitude.
The millennial integration for the period 1000-1990 AD
includes a forced run (called ERIK simulation) (Zorita
et al. 2005), which was forced by three natural external
forcing factors: solar variability, greenhouse gases con-
centrations in the atmosphere including CO, and CHy,
and an estimated radiative effect of stratospheric volcanic
aerosols. In the ERIK simulation, the radiative flux at the
top of the atmosphere is calculated to include the effects
of sunspots and cosmic ray isotopes (Crowley 2000; von
Storch et al. 2004). Also included, the effect of volcanic
ash on radiation forcing is first estimated based on the
concentration of sulfides in the Greenland ice core and
then calculated by the atmospheric model (Robock and
Free 1996; Crowley 2000). On the other hand, a global
climate proxy network dataset (hereafter, we will refer to
as climate proxy data) comprises more than a thousand
tree-ring, ice core, coral, sediment, and other assorted
proxy records spanning the ocean and land regions of
both hemispheres over the past 1,500 years. The surface
temperature field is reconstructed by calibrating the proxy
network against the spatial information contained within
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Fig. 1 Time series of the global mean surface temperature anomaly
obtained by the ERIK simulation (black line) and the global climate
proxy network dataset from Mann et al. (2009) (blue line) for the
period of 1000-1990 AD. Anomalies are defined relative to the
1961-1990 reference period mean

the instrumental annual mean surface temperature field
(Brohan et al. 2006)over a modern period of overlap
between proxy and instrumental data (1850-1995) using
the RegEM CFR procedure (Mann et al. 2007)with
additional minor modifications. Details of this dataset are
described by Mann et al. (2008, 2009).

To validate the model performance, we compare the
time series of GMST anomalies simulated in the ERIK
simulation with that derived from a global climate proxy
network dataset (Fig. 1). The GMST time series generated
from the ERIK simulation is correlated with that obtained
from the climate proxy data. A simultaneous correlation
coefficient between the two time series is 0.60 for the
period of 1000-1990 ap, which is statistically significant
at the 95 % confidence level. However, for the little ice
age period of 1400-1700 ap, the ERIK simulation shows
much colder GMSTs than those derived from the climate
proxy data. In contrast, the ERK simulation shows war-
mer GMST than the climate proxy data for the medieval
warm period. According to previous study, on the other
hand, the ERIK simulation reasonably captures the last
1,000 years of surface air temperature variation over
China as deduced from the proxy data according to pre-
vious study (Liu et al. 2009). Thus, although certain
discrepancies exist between the GMST simulated by the
ERIK simulation and those derived from the climate
proxy data, the ERIK simulation is useful to examine the
contribution of natural and GHG forcing to changes in the
GMST between the medieval warm period and the present
warm period.
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Fig. 2 a The time series of effective solar radiation (black) and the
concentration of greenhouse gases used in the ERIK simulation. Note
that the y-axis for the greenhouse gases is indicated on the right side.
b The time series of the global mean surface temperature anomaly
simulated in the ERIK model (black) and its 11-year running mean
(red). The yellow and blue boxes in (a) and (b) highlight the medieval
warm period (1051-1150) and the present warm period (1891-1990)

3 Contribution of solar and GHG forcing
during the present warm period

The time sequences of two main forcings in the ERIK
simulation, i.e., the effective radiative forcings which
consider the total solar irradiance with stratospheric vol-
canic aerosols effects (Crowley 2000), and the GHG con-
centration for the period of 1000-1990 ap, are displayed in
Fig. 2a. In this context, the effective radiative effects are
used to represent the sum of the solar constant and the
volcanic forcing. That is, the volcanic forcing is parame-
terized as a simple reduction of the annual-mean solar
constant, starting in the year with a volcanic eruption and
its effect usually lasts a couple of years according to the
reconstructions of volcanic aerosol forcing (Crowley
2000). Figure 2b shows the time series of the average
GMST from the ERIK simulation (black line) along with
an 11-year running mean time series of GMST (red line).
The GHG concentration is a relatively constant
270-280 ppm until the nineteenth century, after which it
dramatically increases, especially after the mid-nineteenth
century, to 350 ppm at the end of the twentieth century.
The GMST most significantly and consistently increases
during the period of 1891-1990, i.e., the present warm
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Fig. 3 The time series of volcanic forcing in ERIK simulation

period (orange box in Fig. 2b). However, the GMST also
rapidly increases during the period of 1051-1150, i.e., the
medieval warm period (blue box in Fig. 2b). That is, two
epochs of significant increases in GMST exist during the
last 1,000 years.

The most striking difference between the two epochs of
increasing GMST is that the concentration of GHG is much
lower during the medieval warm period than during the
present warm period, as simulated by the ERIK model. The
mean GHG concentration during the medieval warm period
is 282.5 ppm, which is lower than the 325.1 ppm concen-
tration during the present warm period. In addition, the
GHG concentration changes very little during the medieval
warm period, but it constantly and significantly increases
throughout the present warm period (Fig. 2a). The zero-
order hypothesis is that the physical mechanism responsi-
ble for the GMST increase differs between the two epochs.
In other words, the GMST change during the medieval
warm period may originate from natural forcings, rather
than forced climate change from GHG emission, as sug-
gested by a previous study (Crowley and Lowery 2000). In
contrast, the increase in GMST during the present warm
period might be due to both an increase in GHG concen-
tration and natural forcing.

In order to estimate how much of the change in GMST is
explained by the solar and GHG forcing, respectively, we
first examine the relationship between GMST variation and
solar forcing in each of the two epochs. It should be noted
that we exclude years with volcanic forcing. The years with
volcanic forcing are defined when the volcanic forcing is
above 0 W/m? (Fig. 3). In the ERIK simulation, the vol-
canic forcing is the maximum when the volcanic eruption
occurs and then it approaches 0 W/m? 2 or 3 years later
from the volcanic eruption year. Figure 4a plots GMST
against solar forcing during the medieval warm period, and
GMST changes linearly with solar forcing. During the
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medieval warm period, GMST ranges 286.7-287.5 K and
solar forcing ranges 1,363—1,366 W/m?”. A linear regres-
sion analysis confirms that GMST increases with solar
forcing at a rate of 0.086 K/(W/m?), which is statistically
significant at the 95 % confidence band. We also plot solar
forcing against the GHG concentration during the medieval
warm period in Fig. 4b, which shows that the GHG con-
centration remains nearly constant around 283 ppm in spite
of considerable variations in solar forcing as shown in
Fig. 4a. Combined, these results indicate that the change in
the solar forcing is mainly associated with the GMST
variations during the medieval warm period. Moreover,
because there is little change in the greenhouse gas con-
centration during the medieval warm period, we can con-
sider the rate of GMST change due to solar forcing to be
0.086 K/(W/m®) in the ERIK simulation.

Figure 4c, d is the same as Fig. 4a, b but for the present
warm period. Similar to that during the medieval warm
period, the GMST during the present warm period changes
linearly with changes in solar forcing (Fig. 4c). However,
in contrast to the relationship seen during the medieval
warm period, changes in the concentration of GHG are also
linearly related to the variation in solar forcing (Fig. 4d)
during the present warm period. This indicates that
increases in the GMST during the present warm period are
related both to changes in solar forcing and in the GHG
concentration. The GMST during the present warm period
varies in the range of 286.8-287.3 K, which is comparable
to the range of GMST change during the medieval warm
period. The range of solar forcing during the present warm
period, namely 1,365-1,368 W/Inz, is also similar to that
during the medieval warm period. However, a liner
regression coefficient to explain the relationship between
solar forcing and GMST change during the present warm
period becomes larger (i.e., 0.156 K/(W/mz)) than that
during the medieval warm period. We argue that the rate of
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Fig. 4 a Scatter plot of solar forcing versus GMST variation in the
medieval warm period. The red line indicates the regression
coefficient and the black dashed line indicates the 95 % confidence

0.156 K/(W/m?) during the present warm period is not due
to the solar forcing only. That is, the increase in GHG
concentration is also responsible for the increase in GMST
during the present warm period. Note that the concentration
of GHG increases significantly from 295-316 ppm during
the present warm period. Therefore, it is needed to isolate
the GHG forcing in the rate of 0.156 K/(W/m?) during the
present warm period. To isolate the GHG forcing from the
increase in GMST during the present warm period, we use
the sensitivity due to solar forcing during the medieval
warm period [i.e., 0.086 K/(W/m?)], which may represent
the contribution of solar forcing absent any significant
change in GHG concentration. By subtracting the sensi-
tivity coefficient from both periods, we can estimate the
contribution of GHG forcing during the present warm
period. The result shows that the sensitivity of GMST to
GHG forcing during the present warm period is 0.070 K/
(W/m?), which indicates that solar forcing and GHG
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band. b is the same as (a) but for greenhouse gases instead of solar
forcing. ¢ and d are the same as (a) and (b) but for the present warm
period

forcing may explain 56 and 44 % of the increase in GMST
during the present warm period, respectively.

In addition, we remove GHG forcing from GMST using
the linear relationship of solar forcing and GHG and it is
found that the contribution of solar forcing on GMST
variations is 0.079 K/(W/mz) during the medieval warm
period. The result indicates that solar forcing and GHG
forcing may explain 51 and 49 % of the increase in GMST
during the present warm period, respectively.

From now on, we analyze the climate proxy data to
examine the contribution of natural and GHG forcing based
on a statistical methodology. The purpose of this analysis is
to examine a range of the contribution of natural and GHG
forcing during the present warm period. We analyze dif-
ferent periods in the ERIK simulation and climate proxy
dataset to examine the uncertainty of solar forcing contri-
bution on the GMST variations during the present warm
period. Note that the ERIK simulation is forced by three
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Fig. 5 Time series of anomalous global mean surface temperature in
the global climate proxy network dataset (black line) from Mann et al.
(2009), total solar irradiance (red line) from Crowley (2000) and
GHG concentration (green line) in the period of 1000-1990,
respectively. Red box indicates the present warming period (i.e.,

natural external forcings, which might be different from the
observations, i.e., the climate proxy data. In addition, the
climate proxy data are not available in the polar region
which is contrast to the ERIK simulation. These may lead a
different rate of GMST change due to solar forcing
between the climate proxy data and the ERIK simulation .

Figure 5 displays the variations of GMST in the period
of 1000-1900 (black line in Fig. 5) obtained by the climate
proxy data along with the variations of solar forcing
obtained from Crowley (2000) (red line in Fig. 5). Using
these two time series, we also estimate the relative con-
tribution of solar forcing and the GHG forcing using Monte
Carlo methodology. That is, we randomly select a sample
of 100 year in the period of 1000-1800 when the con-
centration of GHG is nearly constant (green line in Fig. 5).
Note that the variations of solar forcing and the concen-
tration of GHG are obtained from the ERIK simulation.
From a randomly selected 100-year sample out of 801 year
(1000-1800), we calculate the relationship between the
increase in GMST and that in solar forcing based on a
linear regression analysis as conducted in the ERIK sim-
ulation. Note that we again exclude the years when solar
forcing is influenced by volcanic events in the entire per-
iod. And then we repeat this process as many as 10,000
times by allowing the randomly selected years to obtain the
probability density function of the linear regression coef-
ficients as shown in Fig. 6.
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1891-1990).Anomalies for the global mean surface temperature and
total solar irradiance are defined relative to the 1961-1990 reference
period mean. Note that the y-axis for the anomalous global mean
surface temperature and the GHG concentration is indicated on the
right side

It is found that the mean rate of GMST change due to
solar forcing is about 0.04 K/(W/mz) 4 0.01 in the period
of 1000-1800 in the climate proxy data. To obtain the
probability density function on the mean rate of GMST due
to solar forcing during the present warm period (Fig. 6b), we
apply the same regression analysis as in Fig. 6a. In other
words, we randomly select a sample of 100 years in the
present warm period (i.e., 1891-1990) and then we calculate
the linear regression coefficients between the increase in
GMST and that in solar forcing. The rate of GMST change
due to solar forcing is 0.1 K/(W/m?) % 0.01 in the period of
1891-1990, which is larger than that during the pre-indus-
trial period. Note that the rate of 0.1 K/(W/mz) + 0.01 is
slightly low with 0.156 K/(W/m?®) in ERIK simulation
because the climate proxy data are not available in the polar
region. In addition, the ERIK simulation is forced by three
natural external forcings such as solar forcing, greenhouse
gas forcing, and the estimated radiative forcing due to
stratospheric volcanic aerosols, which might be different
from the observations, i.e., the climate proxy data. Similar to
the ERIK simulation, we argue that the rate of 0.1 K/(W/mz)
during the present warm period is not due to the solar forcing
only; thus, the increases in the GMST during the present
warm period might be due to both the changes in solar
forcing and in the GHG concentration. Comparing with the
two values of rates (i.e., 0.04 K/(W/mz) 4+ 0.01 versus 0.1 K/
(W/mz)), we are able to estimate the contribution of solar
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Fig. 6 Probability density function of linear regression coefficients
of solar forcing versus GMST of (a) pre-industrial period
(1000-1800) and (b) Present warm period (1891-1990) in the global
climate proxy network dataset using Monte Carlo approach. See the
text for the details of methodology

forcing and GHG forcing to the changes in GMST during the
present warm period is around 30 ~ 50 % and 50 ~ 70 %,
respectively, in the climate proxy data. In comparison with
the ERIK simulation, it turns out that the GHG forcing
contributes more to the variations of GMST during the
present warm period in the climate proxy data.

4 Summary

The response of the climate system to natural and GHG
forcing depends on complex feedback mechanisms asso-
ciated with clouds, water vapor, ice cover, and land char-
acteristics (Beer et al. 2000). Therefore, it is difficult to
isolate the contribution of natural and GHG forcing on
GMST variability. By analyzing a millennium simulation
(the period of 1000-1990 AD) in a global climate model
forced by both natural forcing and GHG forcing (i.e., ERIK

simulation) and the climate proxy data, we estimated the
contribution of solar forcing and GHG forcing to the
increase in GMST during the present warm period.

In particular, we compared between the changes of GMST
during two different periods (i.e., the medieval warm period
(1051-1150) and present warm period (1891-1990)) which
have similar warm trends in spite of a large difference of the
GHG concentration in the two periods of the ERIK simula-
tion. It is found that GMST increases with solar forcing at a
rate of 0.086 K/(W/m?) during the medieval warm period.
Because the GHG concentration is relatively constant during
the medieval warm period, we can consider 0.086 K/(W/m?)
to be the sensitivity of the increase in GMST to solar forcing
in the ERIK simulation. Based on these results, we concluded
that the solar and greenhouse gases forcings explain
56-60 % and 40—44 % of the increase in GMST during the
present warm period, respectively. That is, both solar and
greenhouse gas forcing explain the increase in global mean
temperature during the present warm period, respectively, in
the global climate model.

Using the climate proxy data, on the other hand, we
suggested that solar forcing explains 30 ~ 50 % and GHG
forcings explain 50 ~ 70 % of the increase in GMST
during the present warm period, respectively. Interestingly,
the contribution of solar forcing during the present warm
period is similar to previous studies using the climate proxy
data. For example, Scafetta and West (2006) argued that
the sun contributed as much as 45 ~ 50 % of the
1900-2000 global warming and Beer et al. (2000) also
argued that solar forcing is responsible for about 40 % of
the increase in GMST during the past 140 years. However,
it should be noted that solar irradiance data are highly
uncertain for the preindustrial period, which may affect the
estimate of solar forcing contribution presented in this
study. For example, Lean and Rind (2008) argued that solar
forcing contributed 10 % of the warming in the past
100 years and also mentioned the uncertainty of solar
forcing. Therefore, this might explain partly the reason
why the results in the present study is different from major
conclusion of the recent IPCC AR5 (Stocker et al. 2013)
showing that the solar forcing is negligible in the total
radiative forcing to induce the global warming compared to
greenhouse forcings and short-lived climate pollutant
forcings. The contribution of solar forcing during the
present warm period is high in the ERIK simulation, which
might be associated with the fact that the ERIK simulation
is only forced by solar, volcanic and the two GHG forcings.
Overall, these results serve to highlight the important
contribution of solar forcing as well as the GHG forcing to
the increase in GMST during the present warm period.
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