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Abstract

A new Greenland temperature record reconstructed from argon and nitrogen isotopes
from trapped air in a GISP2 ice core, provides high-resolution (< 20 yr) and precise an-
nual average temperature estimates for the past 4000 yr. Due to tight age-controls and
abundant paleoclimatic information from the ice core, the temperature record provides
an exceptional opportunity to investigate the late Holocene climate in a multi-decadal to
millennial time scale. To investigate causes of Greenland temperature variability over
the past 4000 yr, we calculated high latitude (70-80° N) temperature change using
a one-dimensional energy balance model with reconstructed climate forcings includ-
ing orbital, solar, volcanic, and greenhouse gas forcings. Greenland temperature was
calculated from the high latitude temperature, considering Greenland’s negative tem-
perature responses to solar variability due to associated changes in atmospheric and
oceanic circulations. The calculated Greenland temperature was significantly corre-
lated with the ice-core-derived Greenland temperatures with the 97 % confidence level.
Therefore, the past variability of climate forcings can explain at least 10 % of the multi-
decadal to millennial variability in Greenland temperature over the past 4000yr. An
average temperature trend for the Northern Hemisphere (NH) over the past 4000 yr
was also inferred from the ice-core derived Greenland temperatures. Lines of evidence
indicate that the current decadal average temperature of NH is likely warmer than at
any time over the past 4000 yr. Sequential cooling events starting around 800 B.C.E.
(the 2.8 ka event), which were induced by several large volcanic eruptions as well as
low solar activity, had similar magnitude with the Little Ice Age cooling.

1 Introduction

Human society has experienced remarkable development over the past 4000 yr under
a changing climate. Understanding climate variability over this period is therefore criti-
cal to the investigation of the relationship between climate change and human society.
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As climate boundary conditions (e.g. areas covered by ice sheets and global sea-level)
over the past 4000 yr were largely similar to those of the present, this period provides
a baseline on which future human-induced climate change is expected to occur (Crow-
ley and North, 1996). However, studies have indicated that global to hemispheric av-
erage temperatures on multi-decadal to centennial time scales can only be reasonably
estimated from temperature proxies over the past 1000—-2000 yr, due to uncertainties
in calibrations and chronologies (North et al., 2006; Mann et al., 2008; Moberg et al.,
2005). These studies have shown that the current hemispheric average temperature
is likely warmer than at any time over the past 2000 yr, but it is still unknown whether
the present temperature level has ever been reached over the past 4000 yr and how
it varied regionally. High latitude regions, including Greenland, are some of the most
important areas for determining the impacts of future climate change, as these regions
are expected to experience large changes owing to polar amplification and the sub-
stantial influence that the melting of the Greenland ice sheet has on global coastal
areas due to sea level rise (Jacob et al., 2012).

Many paleo-temperature proxies are biologically mediated, generally recording sum-
mer to spring temperatures (Kaufman et al., 2004, 2009), and often the relationships
between climatic and biological parameters are not stationary (Huntley, 2011). To de-
rive hemispheric to global average temperatures on a multi-decadal to centennial time
scale, temperature proxies with large uncertainties in temperature and chronology are
compiled such that the multi-decadal to centennial trends are frequently smoothed out,
with the trends increasing as they go further back in time (Wanner et al., 2008). There-
fore, we explored a new way to infer a hemispheric temperature trend from a Greenland
temperature record (Kobashi et al., 2011) that possesses high accuracy and tight age
controls. This possible only after the regional climatic anomaly from the global trend
was understood (Kobashi et al., 2012). We note that Greenland temperatures have
three advantages in this regard: first, annually layered ice cores are available; second,
it is located near the center of the Northern Hemisphere (NH); and finally, hemispheric
temperature signals are intensified by polar amplification.
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Greenland temperature over the past 4000 yr was estimated using argon and ni-
trogen isotopes from trapped air in the GISP2 ice core (Kobashi et al., 2008b, 2010,
2011). The multi-millennial trend was constrained using the borehole temperature pro-
file (Kobashi et al., 2011). The temperature estimates are decadal averages of mean
“annual”’ temperatures (10-20 yr in Central Greenland, Spahni et al., 2003) as heat and
gas diffusion in the firn layer (unconsolidated permeable snow layer) smoothes large
seasonal and inter-annual temperature variations (Severinghaus et al., 1998). As it is
constrained by a physical process, the record’s accuracy for multi-decadal to centennial
temperature changes over the past 4000 yr is arguably among the highest of all of the
paleo-temperature proxies, which are generally affected by large seasonal temperature
changes and associated climate variables.

In this study, we investigated the causes of Greenland temperature changes over
the past 4000 yr using a new Greenland temperature record (Kobashi et al., 2011) by
employing a climate model with reconstructed climate forcings; and we explored the
corresponding implications for temperature changes in the NH. In Sect. 2, we describe
the chronology of the temperature record and the methods of analysis. In Sect. 3, we
present our investigation of how Greenland Summit temperatures relate to other parts
of Greenland and the world. Additionally, we compared the Greenland temperature
record with oxygen isotope records (6180ice) from six Greenland ice cores. In Sect. 4,
we discuss the solar influence on the Greenland temperatures and 6180iCe over the
past 4000 yr, based on the theory we developed for the Greenland temperatures over
the past 800 yr (Kobashi et al., 2012). In Sect. 5, we present the climate forcings that
were developed and applied to a one-dimensional energy balance model. Finally, we
investigated the causes of the variation of Greenland temperature and implications for
the NH temperature trend over the past 4000 yr.
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2 Methods
2.1 Ice core chronology

The “visual stratigraphy” chronology (Alley et al., 1997) was used for the various data
from the GISP2 ice core, which allowed us to compare temperature changes to other
climatic information in the ice core with minimum age uncertainties (e.g. GISP2 6180ice
and sulfate for volcanic signals). The uncertainty of the chronology has been estimated
to be 1% (Alley et al., 1997). The ages of gas and ice differ in ice cores because
the age of the gas is determined at the time of bubble closure at the bottom of the
snow layer. Differences between gas age and ice age were estimated using a firn-
densification/heat diffusion model (Goujon et al., 2003). Uncertainty in the differences
is approximately 10 %, or approximately 20 yr, as the gas age to ice age differences are
approximately 200 yr in Central Greenland during the Holocene (Goujon et al., 2003).
The uncertainty estimate is likely conservative as timings of the changes in 6180ice
and temperature agree well (Kobashi et al., 2010). Therefore, absolute age uncertain-

ties are less than 45 yr at approximately 2000 B.C.E. (= V402 + 202; from the theory
of error propagation) and less than 20 yr at approximately 1950 C.E. Comparison with
the GICOO05 chronology (Vinther and Rasmussen, personal communication, 2012) in-
dicates that these are appropriate estimates. The use of the GICOO05 chronology had
little effect on the following analyses, as the differences between GICO05 and visual
stratigraphy are relatively small over the past 4000 yr. The data produced in this pa-
per, including a depth scale of the temperature record, will be deposited at the NOAA
paleoclimate web site (http://www.ncdc.noaa.gov/paleo/data.html) after publication.

2.2 Correlation coefficients and significance

The Pearson product-moment correlation coefficient was calculated to evaluate the
strength of the correlations. Because of the autocorrelations of the time series, it is im-
portant to consider the reduced degree of freedom for the calculation of significance.
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The number of effective degrees of freedom (df,) for p statistics was estimated from
the effective sample size (N,), which depends on the effective decorrelation time
(Tg) (Ito and Minobe, 2010). The two relevant time series are represented by X
and Y, and the sample size is N. Here, the time interval (Af) is 1 yr. Therefore,
No = NAt/T, and df, = N, —2. For the correlation coefficients, T, is estimated as
To = At Z'TV:_N(pXX(T)pYY(T) + Pxy(7)pyx(7)), where 7 is a lag or lead in years, and
p is the correlation coefficient of the 2 time series indicted by the subscripts (XX and
Y'Y are autocorrelations) (Ito and Minobe, 2010). The range of >(-N, N) was defined
as p becomes zero, with 7 starting from zero and moving to an increased lag or lead
with a 1 yr time step. Then, p-values of the correlation coefficients were calculated
from a two-sided Student’s t-distribution with the effective samples size (N,) described
above. We considered a 90 % confidence level (p = 0.1) as a significant correlation but
reported all p-values where p is less than 0.1.

3 Greenland temperature
3.1 Greenland temperatures over the past 4000 yr

There have been several attempts to reconstruct the variability of Greenland tempera-
ture, which have included the use of classic methods of application of oxygen isotopes
of ice (6'%0,,) (Dansgaard, 1964; Vinther et al., 2010; Johnsen et al., 2001; White
et al., 1997; Jouzel et al., 1997), borehole thermometry (Alley and Koci, 1990; Dahl-
Jensen et al., 1998), and combinations of the two techniques (Cuffey and Clow, 1997;
Cuffey et al., 1995). However, 6 180ice is known to be affected by factors other than local
temperature change, such as changes in storm tracks, seasonal accumulation, vapor-
source temperature, and the location of evaporative origins (LeGrande and Schmidt,
2009; Masson-Delmotte et al., 2005; Steen-Larsen et al., 2011; Charles et al., 1994).
Physically constrained borehole thermometry is more accurate but it loses informa-
tion on shorter-term temperature variation rather quickly (Dahl-Jensen et al., 1998).
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Recently, Vinther et al. (2009) reconstructed Greenland temperature variations from
6180iCe and borehole temperature profiles, while considering changes in ice-sheet el-
evation.

Greenland temperature record for the past 4000 yr has been developed (Kobashi
et al., 2010, 2011) using nitrogen and argon isotopes from trapped air in ice cores
(Kobashi et al., 2008b). Gasses in the firn layer (unconsolidated permeable snow layer)
fractionate according to the depth of the layer (gravitational fraction) and the tempera-
ture gradient (AT ; thermal fractionation) in the layer (Severinghaus et al., 1998). There-
fore, previous information on firn depths and temperature gradients can be obtained by
measuring two isotope ratios from trapped air in ice cores (e.g. nitrogen and argon) as
deviations from present values in the atmosphere (Severinghaus et al., 1998; Kobashi
et al., 2008b). This method has been applied to quantify the magnitudes of abrupt
climate changes by calibrating 6180iCe to match measured nitrogen and argon iso-
topes (Kobashi et al., 2007; Severinghaus and Brook, 1999; Severinghaus et al., 1998;
Landais et al., 2004; Lang et al., 1999; Huber et al., 2006).

As 6180iCe may not reflect local temperature changes, especially for periods such
as the relatively stable Holocene, it was necessary to develop a new method to cal-
culate surface temperatures directly from nitrogen and argon isotopes without relying
on 518Oice. For this purpose, we developed a method (Kobashi et al., 2008a, 2010,
2011) to calculate surface temperature change directly by integrating AT (derived from
nitrogen and argon isotopic data) with a firn densification/heat diffusion model (Goujon
et al., 2003). We note that the reconstructed temperature records for the past 1000 yr
reported in Kobashi et al. (2010) and in Kobashi et al. (2011) are nearly identical, but
are slightly different owing to differences in temperature histories prior to 1000 C.E. in
the models (Fig. 1). Greenland temperature record for the past 4000 yr (Kobashi et al.,
2011) was reconstructed for a longer temperature history with better agreement with
borehole temperature profiles than in Kobashi et al. (2010); therefore, it should be more
consistent with actual temperature changes. The reconstructed Summit temperatures
over the past 160 yr (Kobashi et al., 2011) closely match independently reconstructed
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Summit temperatures from observation and climate model (Box et al., 2009) within
uncertainties (Kobashi et al., 2011).

3.2 Spatial correlation between Summit temperatures and other areas of
Greenland and the world

The Greenland temperature record (Kobashi et al., 2011) was derived from the GISP2
ice core from the Summit region of Central Greenland. To make inferences about the
past, it is critical to understand how the Summit temperature is connected with other
parts of Greenland and the world. The relationship with the NH temperature trend was
investigated thoroughly in Kobashi et al. (2012). Box et al. (2009) produced Greenland
grid temperatures from 1840 to 2007 (now updated to 2011). Using the grid temper-
atures, two correlation maps were created for the period of 1852-2010 (a period for
which continuous data are available) for the two reconstructed Summit temperatures.
One Summit record is derived from the ice core by Kobashi et al. (2011), and the other
is from a fusion of observations and a climate model by Box et al. (2009). The Summit
temperature by Box et al. (2009) is the same as that used by Kobashi et al. (2011). The
correlation map with the observation-based data by Box et al. (2009) shows a higher
correlation with the grids in general than the record from Kobashi et al. (2011) likely
because the observation-based Summit temperature is more precise. Therefore, we
used the correlation map with the Box et al. Summit temperatures for further discus-
sion. However, we note that both maps share similar characteristics (Fig. 2).

East Greenland exhibits higher correlations, and the northern coastal areas also
exhibit relatively high correlations. However, Northwest and South Greenland exhibit
lower correlations with the Summit temperature, reflecting regional climatic patterns.
The grid temperatures in most of Greenland are highly correlated with the Summit
temperatures, as the 5th percentile of all the grid correlation coefficients is r = 0.73
(Fig. 2, top), indicating that 95 % of the grid correlation coefficients are higher than
r =0.73. This is in line with the fact that the observation-based Summit temperature
is highly correlated (r = 0.92; p < 0.01) with the average Greenland ice-sheet surface
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air temperature calculated by Box et al. (2009) (Kobashi et al., 2012). Therefore, the
Summit temperature record should be a useful indicator of the melting of the ice sheet
in coastal regions in the past, and consequently changes in the Greenland ice sheet.
To further extend our inferences of the Summit temperature, we examined corre-
lation maps between the Greenland Summit temperatures (Box et al., 2009; Kobashi
et al., 2011) and global grid surface air temperatures (GISS) (Hansen et al., 2010) for
the period from 1880-2010 (Fig. 3). As with the Greenland correlation maps, two Sum-
mit temperature estimates from Box et al. (2009) and Kobashi et al. (2011) were used
(Fig. 4). Both maps generally exhibit similar teleconnection patterns, but the map with
the Box et al. Summit temperature shows higher correlations with the grid temperatures
(Fig. 3), as was observed with the Greenland maps. Therefore, we further examined
the correlation map with the Box et al. Summit temperatures, as it contains inter-annual
temperature variability. The correlation map indicates a significantly high positive cor-
relation with the Northern North Atlantic, Western Mediterranean, Middle East, and
Northern Africa, resembling one of the two regimes of the NAO/AO (North Atlantic Os-
cillation/Arctic Oscillation) dipole pattern (Marshall et al., 2001; Hurrell, 1995). Some
tropical regions of the Atlantic, Indian, and Pacific Ocean, where the NAO has been
linked with tropical dynamics (Hurrell et al., 2003), also exhibit high correlation.
Interestingly, very high correlations (r = 0.7 to 0.80) are found in geographically dis-
tant regions such as the tropical Atlantic, Eastern Mediterranean, and Middle East (Red
Sea and Persian Gulf), with correlations as high as near Iceland, indicating strong tele-
connective patterns for these regions with Greenland over the past 130 yr (Fig. 3).
The link between the Greenland temperature and Mediterranean temperature (includ-
ing the Middle East) may provide a clue for early cultural changes in the Middle East
(Kobashi, 2007; Kobashi et al., 2011). One exception from the NAO pattern is located
in the mid latitudes of North America, which is usually identified as part of the other
side of the NAO dipole. This may be explained by the fact that the climate of the region
is also affected by the Atlantic Multi-decadal Oscillation (AMO) (Enfield et al., 2001;
McCabe et al., 2004). The general spatial patterns of the correlation over the past
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130 yr were also indentified in a correlation map between the grid proxy temperatures
(Mann et al., 2009) and Greenland temperatures (Kobashi et al., 2011) over the past
800 yr (Fig. 3), indicating that the general atmospheric and oceanic circulation pattern
connecting Greenland and other parts of the world for the past 130 yr has been active
for the past 800 yr (Fig. 3).

The temperature trend in West Iceland (Reykjavik) exhibits a similar pattern to East
Greenland (Tasiilag) over the past 130 yr, with both showing a negative correlation
with the NAO index (Hanna et al., 2004). The strong association of the temperature
trends between East Greenland and West Iceland can be inferred from the Greenland
and global correlation maps (Figs. 2 and 3). As large areas of the North Atlantic and
the Summit temperatures exhibit high correlations except around the storm track re-
gion (Fig. 3), the North Atlantic average temperatures (Enfield et al., 2001) and the
Summit temperatures (Box et al., 2009) are highly correlated (r = 0.58, p = 0.03 as in
Fig. 4). Multi-decadal variation (21-yr running means; RMs) of the Summit temperature
(Box et al., 2009) can explain 70 % of the variance in the North Atlantic average tem-
peratures (Enfield et al., 2001). Thus, the Summit temperature is highly influenced by
the Atlantic Multi-decadal Oscillation (AMO) (Enfield et al., 2001), which is a climate
mode of variability with an approximate periodicity of 70 yr and that has global impacts
(Dima and Lohmann, 2007). The causes of the oscillation have been associated with
the internal oscillation of the Atlantic Meridional Overturning Circulation (AMOC) pos-
sibly influenced by solar variation and volcanic eruptions (Knudsen et al., 2011; Ottera
et al., 2010). Greenland temperature variability over the past 4000 yr (Kobashi et al.,
2011) contains a fairly persistent periodicity of approximately 70 yr (Fig. 5), indicating
the consistent nature of the AMO over the past 4000 yr (Chylek et al., 2012; Knudsen
et al.,, 2011). Notably, in the following sections, we identified parts of the causes of
Greenland temperature over the past 4000 yr, which must be linked with the causes of
variability in the AMO.
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3.3 Greenland temperatures and oxygen isotopes over the past 4000 yr

Oxygen isotopes of ice (6180ice) have been widely used as temperature proxies in
Greenland. However, it is known that 6180ice is affected by many other climatic pro-
cesses (LeGrande and Schmidt, 2009; Johnsen et al., 2001; Vinther et al., 2010;
Steen-Larsen et al., 2011). With the independent temperature record on hand, we can
evaluate 6 180ice records as a temperature proxy over the past 4000 yr. Based on the
high correlations between the Summit temperatures and most of the Greenland grid
temperatures over the past 159 yr (Fig. 2), we expect that actual temperature trends at
each core site were strongly correlated over the past 4000 yr. In addition, elevational
changes of the Greenland ice sheet were likely at a minimum over the past 4000 yr
(e.g. < 100m) and therefore should be a limited source of the different temperature
trends observed in different parts of the Greenland ice sheet (Vinther et al., 2009).

6180ice records of six ice cores from the Greenland region (GISP2, GRIP, Agassiz,
NGRIP, Renland, and Dye-3; Fig. 6 and Table 1) were compared with the temperature
record (Kobashi et al., 2011). The observation that 6180ice of the GISP2 ice core has
a lower correlation with Greenland temperatures than that of other cores, although the
temperature was derived from the same GISP2 ice core (Kobashi et al., 2011), is evi-
dence of the influence of nonlocal temperature factors on 6180ice. The correlation co-
efficients between temperature and 61’3Oice are ranked in the following order: NGRIP
(r=0.39, p=0.01), Renland (r =0.38, p =0.05), GRIP (r =0.34, p >0.1), Agassiz
(r=0.3,p>0.1), GISP2 (r =0.27, p = 0.02), and Dye-3 (r = 0.25, p = 0.04) (Table 2).
The observations that the GISP2 6180ice has the highest correlation with the Dye-3
618OiCe and that the two records exhibit relatively low correlation with the temperature
may indicate that the GISP2 and Dye-3 6180ice were affected by similar regional cli-
matic patterns, such as changes in storm tracks and seasonal accumulation, as both
located in the south western slope of the Greenland ice sheet (Ohmura and Reeh,
1991; Rogers et al., 1998).
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We conducted principal component analysis on the six 6180ice records (Table 3).
The first principal component (PC1) of the six 6180ice explains 44 % of total variance
and is highly correlated with the temperature time series, with a correlation coefficient
of r = -0.49 (p = 0.05) (Table 2; Fig. 7). The correlation coefficient is higher than any
of the individual correlations with temperature (Table 2). PC1 exhibits a nearly identical
character (r = —0.99) to a simple average (stacking) of the six 6180iCe records, indicat-
ing that stacking of the 6180ice records reduces noise, as suggested in earlier studies
(Fisher et al., 1996; White et al., 1997), and reflecting the fact that Central Greenland is
representative of the overall temperature variability in Greenland (Kobashi et al., 2011).

Vinther et al. (2009) developed a Greenland temperature record over the Holocene
using Agassiz and Renland 6180ice after independently correcting for uplift, assum-
ing that Agassiz and Renland 6'°0,,, represent the temperature trend of Green-
land (Vinther et al., 2009). Correlation between Greenland temperatures developed
by Kobashi et al. (2011) and Vinther et al. (2009) are not significant with r = 0.41
(p =0.12), and the correlation coefficient is lower than the correlation between the
temperature and PC1 (stacking) (r = 0.49). As the reconstructed temperature and el-
evation changes by Vinther et al. (2009) were based on several assumptions that are
likely not valid at least for the past 4000 yr, it is necessary to revisit the link between
changes in elevation and 6‘180ice when argon and nitrogen temperature estimates be-
come available from more core sites.

4 Solar influence on Greenland climate over the past 4000 yr
4.1 Solar influence on Greenland temperature over the past 4000 yr

Greenland is uniquely located in the Northern North Atlantic, where climatic variation

is considerably affected by the NAO/AO. Atmospheric dipoles of high and low pressure

at the surface are located near the Azores and Iceland, respectively, and fluctuation in

pressure differences between the two centers of action induce variations in westerlies
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in the North Atlantic and northerly winds in Greenland (Hurrell, 1995; Hurrell et al.,
2003; Wanner et al., 2001). Therefore, Greenland experiences cooling when Northern
Europe experiences warming (positive NAO), and vice versa (Hurrell, 1995). Climate
models and observations have indicated that solar variability induces changes in atmo-
spheric circulation, such as the NAO/AO, though ozone feedback in the stratosphere
(Shindell et al., 2001; Gray et al., 2010; Kodera and Kuroda, 2002). When solar activity
is stronger (weaker), changes in the positive (negative) NAO/AO-like atmospheric cir-
culation are induced, such that Greenland temperatures are cooler (warmer) compared
to NH average temperatures (Kobashi et al., 2012; Shindell et al., 2001; Hurrell, 1996;
Lean and Rind, 2008). In addition, other mechanisms (Renssen et al., 2006) have been
proposed to explain the negative responses of Greenland temperatures to solar vari-
ability. A climate model indicated that during weaker (stronger) solar activity, formation
of deep water in the Nordic seas relocates to (from) near Iceland because of increased
(decreased) sea ice in the Nordic seas, which warms (cools) Southeast Greenland due
to the large heat release in the convective areas (Renssen et al., 2006).

Changes in past solar activity can be estimated from the variation in cosmogenic
nuclides, such as “Cin tree-rings (Vieira et al., 2011) and/or 98¢ concentration in ice
cores (Fig. 8) (Steinhilber et al., 2009). The estimation of these changes is possible
because during periods of stronger (weaker) solar activity, the intensity of the galac-
tic cosmic rays that produce cosmogenic nuclides such as '°Be and '*C from nitrogen
and oxygen is reduced (increased) due to stronger (weaker) solar magnetic fields (Gray
et al., 2010; Lal and Peters, 1968). As both 19Be- and "C-based estimates have dif-
ferent advantages and disadvantages owing to different chemical characters (Usoskin
et al., 2009), a recent reconstruction of total solar irradiance (TSI) (Steinhilber et al.,
2012) utilized all available %Be (from Greenland and Antarctic ice cores) and %C data
to produce “combined” estimates of TSI. Three TSI estimates from «“14C-based” (Vieira
et al., 2011), “1%Be-pased” (from Greenland ice cores) (Steinhilber et al., 2009), and
“combined” methods (Steinhilber et al., 2012) exhibit a similar trend over the past 4000
yr (Fig. 8), but the combined estimate exhibits the least multi-decadal variation as it
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captures only common variance in '*C and '°Be that which likely provide the most ro-
bust estimate of past solar activity (Steinhilber et al., 2012). We note that the correlation
between the “combined” and “'*C-based” estimates is hi(T:;her (r=0.87, p <0.01) than
that (r = 0.67, p < 0.01) between the “combined” and “ Be-based” estimates, likely
because the local climate (e.g. high accumulation rate) in Greenland affected 1%Be de-
position. Therefore, we primarily used the combined TSI estimates (Steinhilber et al.,
2012) for the following analyses and explored uncertainties using 14C- and '°Be-based
estimates.

The negative responses of Greenland temperatures to solar variability can be ob-
served more clearly if we compare them to NH average temperatures (Kobashi et al.,
2012). The Greenland temperature anomaly (GTA) from the NH temperature trend can
be calculated by subtracting standardized NH temperatures from standardized Green-
land temperatures. Over the past 800 yr, the GTA exhibited significant solar influence
(Kobashi et al., 2012). When solar activity is stronger (weaker), Greenland tempera-
tures exhibit negative (positive) deviations from the NH temperature trend. Over the
past 4000 yr, Greenland temperatures exhibited a weak positive correlation (r = 0.10,
p > 0.1) with the TSI (Steinhilber et al., 2012) owing to decreasing trends in both
datasets. However, after linear detrending of the temperature and TSI data, Green-
land temperatures and TSI show a weak negative correlation (r = -0.08, p > 0.1). As
the GTA exhibits multi-decadal to centennial-scale variation from the NH temperature
trend, we de-trended the TSI and Greenland temperatures using a high-pass loess fil-
ter (a locally weighted least-squares quadratic estimate; Cleveland and Devlin, 1988),
removing signals longer than 1150 yr. It was found that multi-decadal to centennial
variation in Greenland temperatures (120 RMs) was significantly negatively correlated
with the TSI (r = -0.25, p = 0.1; Fig. 9) over the past 4000 yr, indicating that solar
modulation on Greenland temperatures found in the past 800 yr (Kobashi et al., 2012)
continued at least over the past 4000 yr.
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4.2 Solar influence on §'80;¢ revisited

Solar influence on oxygen isotopes (6180ice) from the GISP2 ice core was investigated
by Mints Stuiver more than a decade ago (Stuiver et al., 1995, 1997). Now that the new
Greenland temperatures (Kobashi et al., 2011) and more 620, data from other ice
cores are available, we re-visited the issue to explore if there is significant evidence of
solar influence on 6180iCe of six Greenland ice cores over the past 4000 yr. In a pre-
vious study (Stuiver et al., 1997), it was found that GISP2 6180ice was significantly
positively correlated with “c (solar variability) over the past millennium, but not for the
rest of the Holocene. Over the past 4000 yr GISP2 6180ice does not exhibit a signif-
icant correlation with TSI data, but the Dye-3 and Renland 6180ice records, both of
which are southern and eastern coastal high accumulation sites (Fig. 2), do exhibit sig-
nificant positive correlations of r = 0.28 (p = 0.03) and r = 0.34 (p = 0.03), respectively
(Table 2). NGRIP 6180ice, which has the highest correlation with the temperature, is
little correlated with the TSI. We note that PC1 has a significant positive correlation
(r =0.37, p = 0.1) with the TSI (Table 2).

Earlier studies (Vinther et al., 2003; White et al., 1997; Barlow et al., 1997) found
that 6 180ice in winter months in Southern to Central Greenland was negatively corre-
lated with the winter NAO index, because local temperatures negatively correlated with
the winter NAO index on the annual to inter-decadal time scale. As discussed earlier,
multi-decadal to centennial variation of Greenland temperatures negatively correlated
with the TSI over the past 4000 yr. Therefore, the observed positive correlations of
6180iCe with the TSI on the multi-decadal to centennial time scale over the past 4000
yr, especially for the two coastal sites, must be explained by processes other than local
temperature changes. There are two possible explanations. First, Greenland accumu-
lation rates, especially in Western Greenland, have negative correlations with the NAO
index (Appenzeller et al., 1998a, b). It is possible that during the positive (negative)
NAO, caused by stronger (weaker) solar activity, reduced (increased) accumulation in
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winter may have shifted the average annual 6180iCe signals toward summer (winter),
resulting in the apparent positive correlation of 6180ice with solar variability.

Another possibility is related to vapor source temperature and wind direction. During
the solar-induced positive (negative) NAO, vapor source areas, where storm-related
precipitation originates, experience cooling (warming) with stronger (weaker) northerly
winds, which create smaller (larger) temperature gradients between vapor-source and
snow-fall sites in Greenland (White et al., 1997). Therefore, water vapor experiences
less (more) isotopic fractionation during transport such that precipitation in Greenland
has heavier (lighter) 6180ice with an apparent positive correlation with the NAO index.
These processes must be balanced with the influence of local temperatures, which
exhibit negative correlations with the NAO index. We also note that a fair amount of
vapor is transported from low latitudes to Greenland (Werner et al., 2001). There is
strong evidence that monsoon activity has been strongly controlled by changing solar
outputs (Neff et al., 2001; Wang et al., 2005a; Fleitmann et al., 2003). It is plausible that
positive solar signals are transported from these regions to South and East Greenland
with high accumulation.

The weights of various influences on 6'°0,,, may be different depending on the
time scale. To determine the precise mechanisms and balance among the various pro-
cesses, it is necessary to use atmosphere ocean-coupled general circulation models
(AOGCMs) solving for solar-induced atmospheric and oceanic changes (e.g. strato-
spheric ozone feedbacks) and tagging water vapor in the hydrological cycle with iso-
topes. A correct understanding of these processes will aid in the projection of more
accurate future changes to the Greenland ice sheet.

5 Climate change of the Late Holocene: perspective from Greenland
temperature over the past 4000 yr

How much the current and future climate that is induced by human activity differs from
the past is an important question for understanding human societal and ecological
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resilience to climate change. Therefore, global to hemispheric average temperatures
over the past few millennia have been reconstructed using various types of tempera-
ture proxies and methods (Jones and Mann, 2004; Mann et al., 1999, 2008; Moberg
et al., 2005; Ljungqvist et al., 2012; Christiansen and Ljungqvist, 2011; Hegerl et al.,
2007). The results have shown that the present decadal NH average temperatures are
likely higher than anytime during the past 2000 yr (Mann et al., 2008; Moberg et al.,
2005). With the progression further back in time, uncertainties in temperature proxies
and dating increase, such that the compilation of proxy temperatures to derive global
to hemispheric average temperatures becomes difficult. Therefore, we attempted to in-
fer the north hemispheric temperature trend over the past 4000 yr from the physically
constrained Greenland temperatures (Kobashi et al., 2011), of which regional temper-
ature patterns from the NH trend are well understood (Kobashi et al., 2012). To better
understand the mechanisms of temperature change over the past 4000 yr, we also em-
ployed a one-dimensional energy balance model (1d-EBM) with reconstructed climate
forcings over the past 4000 yr.

5.1 Climate forcings over the past 4000 yr

Climate change over the past 4000 yr was primarily caused by variations in orbital, so-
lar, volcanic, and greenhouse gas forcing (Wanner et al., 2008). Because the residual
Laurentide ice-sheet from the last glacial period nearly disappeared by approximately
6000 yr Before Present (BP; Present is defined as 1950), climate boundary conditions
(e.g. sea level and areas covered by ice sheets) over the past 4000 yr were largely the
same as those of the preindustrial period (Wanner et al., 2008; Kaufman et al., 2004;
Lambeck and Chappell, 2001). Over the past 1000 yr, natural variability in the aver-
age NH temperature can be explained predominantly by changes in solar irradiance
and volcanism (Ammann et al., 2007; Crowley, 2000). For the past 4000 yr, orbital
forcing becomes non-negligible, as discussed later, especially for high latitude regions.
We investigated if the relationship between climate forcings and climate over the past
1000 yr can be applied to the past 4000 yr, constrained by the Greenland temperature.

4833

8, 4817-4883, 2012

Causes of Greenland
temperature
variability over the
past 4000 yr

T. Kobashi et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/4817/2012/cpd-8-4817-2012-print.pdf
http://www.clim-past-discuss.net/8/4817/2012/cpd-8-4817-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

A better understanding of the past 4000 yr of temperature change provides an impor-
tant test case to understand climate variability at the multidecadal to centennial time
scale, which is highly relevant to social affairs.

5.1.1 Orbital forcing

As Greenland is located in the high latitudes of the NH, seasonal variation of insolation
is a large event at present and it has varied with a comparatively large magnitude over
the past 4000 yr, largely owing to changes in Earth’s axial tilt (obliquity) (Laskar et al.,
2004) (Fig. 10). Mean annual insolation at the Greenland Summit decreased by 1.4 %
from 195.4 Wm™2 in 2000 B.C.E. to 192.8 Wm™2 in 2000 C.E. (Fig. 10). At present, an-
nual mean insolation is still decreasing at a rate of 0.44Wm™2 per 100 yr in Greenland
(Laskar et al., 2004). As Greenland has no sun light during the winter, most of the inso-
lation change occurred in the summer (Fig. 10) (Laskar et al., 2004). In contrast, global
mean annual insolation through orbital configuration has been nearly constant over the
past 4000 yr, indicating that differential changes in insolation at different latitudes com-
pensated for each other (Laskar et al., 2004). The decrease at high latitude insolation
contrasts with that at low latitudes over the past 4000 yr, which exhibited a slight in-
crease over the past 4000 yr (Fig. 11). It is noted that July insolation decreased over
the entire NH over the past 4000 yr, but the decrease was compensated by an increase
in winter insolation in the case of low latitudes.

5.1.2 Solar forcing

During the last 4000 yr, total solar irradiance exhibited variability in a range (maxi-
mum — minimum) of 1.23Wm~2 or approximately 0.1 % and had a slight decreasing
trend of approximately 0.1 Wm™2 per 1000 yr (Steinhilber et al., 2012) (Fig. 8). There
are several periods (approximately 1500, 800, 400 B.C.E. and 600, 1000, 1300, 1500,
1600, 1850 C.E.) of weaker solar activity similar to the Maunder Minimum, some of
which reportedly caused cooling events in wide spread areas (Mayewski et al., 2004;
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Wanner et al., 2008, 2011). The Little Ice Age and the 2.8 ka event are well-known
cooling periods of the past 4000 yr (Wanner et al., 2008; Renssen et al., 2006). The
standard deviation of radiative forcing (AF) by TSI variation from 2000 B.C.E. to 1750
C.E. is calculated to be 0.07 (Wm‘z) from the following equation: AF = ATSI/4 x 0.7
(Forster et al., 2007). We note that for the 1d-EBM calculation average values of albedo
in each latitudinal band were applied to calculate solar forcing.

5.1.3 Greenhouse gas forcing

Important long-lived greenhouse gasses in the atmosphere are CO,, CH,, and N,O
(Forster et al., 2007). Although concentrations of these gasses in the atmosphere
have been rapidly increasing due to human activity since industrialization (~ 1850
C.E.), they can also vary naturally, but with much smaller amplitudes (Forster et al.,
2007). Past variation in these gasses can be obtained from ice cores (Fig. 12).
We used the data for the past 2000 yr compiled by F. Joos for PMIP3 (Schmidt
et al., 2011) (https:/pmip3.Isce.ipsl.fr/wiki/doku.php/pmip3:design:Im:final). For older
periods, lower resolution data were used for CO, (Monnin et al., 2004), CH, (aver-
ages of Siple Dome and GISP2 data) (Brook, 2009), and N,O (Fluckiger et al., 2002).
Slight adjustments were made to avoid gaps between C.E. and B.C.E. by subtract-
ing the differences in average concentrations in the overlapping period from 1-12
C.E. from the values used for B.C.E. The concentration data were calibrated to ra-
diative forcing, AF (Wm'2) according to the following equations (Ramaswamy et al.,
2001). For CO,, AF = aIn(C/C,), where a is 5.35, and C is CO, in ppm. For CHy,,
AF = a(VM - \//70) - (F(M,Ny) — f(My, Ny)), where a is 0.036 and M is CH, in ppb.
For N,O, AF = a(VN — \/Ng) - (f(Mo, N) — f(My, Ny)), where a is 0.12 and N is N,O
in ppb. A function “f” is described as (M, N) = 0.47In[1 +2.01 x 10" >(MN)*"® +5.31 x
10‘15M(MN)1'52]. The subscript 0 denotes the concentrations in the year 1750. Stan-
dard deviations of AF for CO,, CH,, and N,O for the period from 2000 B.C.E to 1750
C.E. are 0.06 (Wm™2), 0.02 (Wm™2), and 0.01 (Wm™?), indicating that CO, variation
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had the largest control on temperature changes among the greenhouse gases during
this period. The standard deviation of total AF from the three greenhouse gasses from
2000 B.C.E. to 1750 C.E. is 0.08 (Wm'z). There is a slight increasing trend in total
greenhouse gas forcing, AF of 0.1 Wm™2 per 1000 yr from 2000 B.C.E to 1750 C.E.
(Fig. 13). In addition, we included aerosol forcing from 1892 C.E. onward (Crowley,
2000) (Fig. 13).

5.1.4 Volcanic forcing

Large volcanic eruptions are known to cause climate change by injecting chemi-
cally and microphysically active gases and aerosols into the atmosphere, which affect
Earth’s radiative balance (Robock, 2000). Sulfate data in ice cores provide the best
record of past volcanic events; as a result, there have been many attempts to estimate
stratospheric sulphate loading and optical depth (Zielinski et al., 1994; Zielinski, 1995;
Cole-Dai et al., 2000; Gao et al., 2008). We used the GISP2 sulfate record for recon-
structions of volcanic forcing as it is the only currently available record that has high
resolution and a good chronology with continuous bi-annual resolution (averages of two
years) over the past 4000 yr (Zielinski et al., 1994; Mayewski et al., 1997). Multi-core
analysis indicated that volcanic debris was fairly evenly distributed in the atmosphere
after volcanic eruptions (Gao et al., 2007), which is an important factor in inferring the
magnitudes of past volcanic eruptions from a single ice core.

The GISP2 sulfate record has been used to estimate volcanic events over the past
9000 yr (Zielinski et al., 1994), as well as stratospheric loading and optical depth from
volcanic eruptions over the past 2100 yr (Zielinski, 1995). More recently, using mul-
tiple cores from both the polar regions of Greenland and Antarctic, volcanic events
and their associated stratospheric loading over the past 1500 yr were reconstructed
(Gao et al., 2008). Although multi-core estimation is clearly more reliable, we attempted
a single core reconstruction with GISP2 due to the lack of multi-core estimation for the
entire period, and evaluated the results with multi-core estimates for an overlapping
period. One caveat is that a single-core-reconstruction cannot differentiate latitudinal
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variations in sulfate loading, as sulfate loading from volcanic eruptions near Greenland
(e.g. Iceland) is inevitably larger. This is presumably less problematic when a single-
core-reconstruction is used as volcanic forcing for northern high-latitudes, but care
must be taken to interpret it as a hemispheric scale forcing.

To estimate stratospheric loading over the past 4000 yr, we extracted volcanic sig-
nals from the sulfate ion record of the GISP2 ice core (Mayewski et al., 1997), largely
following the methodology developed by Gao et al. (2006, 2007, 2008). To be con-
sistent with the time scale of the temperature reconstruction (Kobashi et al., 2008b,
2011), we applied a GISP2 time scale, called “visual stratigraphy” (Alley et al., 1997),
to the GISP2 sulfate record. Therefore, age uncertainties between the temperature and
reconstructed volcanic forcing are at a minimum, which is important as the climatic im-
pacts of volcanic eruptions last for only a few years (Robock, 2000). It is noted that
the GISP2 sulfate record is reliable, as it matches quite well with other Greenland core
data (unpublished data).

First, sulfate ion data (ppb) (Mayewski et al., 1997) from the GISP2 ice core were
converted to sulfate flux using accumulation rate data (Alley et al., 1997). Then, a high-
pass loess filter (Cleveland and Devlin, 1988) was applied to remove signals longer
than 31 yr (Gao et al., 2008). We only extracted signals larger than the running median
absolute deviation (RMAD) multiplied by 0.5. We chose 0.5 instead of 2, as in the
original methodology by Gao et al. (2008), to extract slightly more volcanic events over
the past 1500 yr, because peaks from a single core may miss some of the important
volcanic signals detected in multi-core analysis. Although it is still possible to miss
relatively minor volcanic signals or to identify incorrect signals, our results should not
be affected because these signals are small and thus climatically less significant. With
this procedure, 72 peaks were extracted from the GISP2 sulfate record, compared to
63 peaks in Gao et al. (2008), for NH volcanic events for the past 1500 yr.

To calibrate the selected GISP2 volcanic signals to stratospheric volcanic sulfate
aerosol loading (7), we summed the volcanic signals from GISP2 over the past 1500 yr
and then scaled it to the sum of the stratospheric volcanic sulfate aerosol loading (T') for
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the NH by Gao et al. (2008). Then, the scaling factor was used to reconstruct the entire
volcanic record over the past 4000 yr. It is assumed that sulfate life time in the strato-
sphere has an e-holding time of 1 yr (Crowley, 2000). As we were investigating the
impacts of volcanic events on multi-decadal to centennial temperature changes, a 51
yr running mean (RM) filter was applied to the time series. The reconstructed strato-
spheric volcanic sulfate aerosol loading data from the single-core and multiple cores
agree well, with a correlation coefficient of r = 0.68 over the past 1500 yr (Fig. 14), indi-
cating that a single core estimate can reconstruct NH volcanic forcing sufficiently well.
Climate forcing (AF) of the calculated stratospheric volcanic sulfate aerosol loading
was derived by converting the sulfate loading to aerosol optical depth (AOD = aerosol
loadings/150T ; Stothers, 1984). Then, the AOD was multiplied by —20Wm~2 to obtain
AF (Wigley et al., 2005). The standard deviation (51 yr RMs) of the volcanic forcing
over the period from 2000 B.C.E to 1750 C.E. is 0.15Wm™2, which is approximately
2 times larger than the standard deviations of greenhouse-gas and solar forcings over
the same period (Fig. 13).

Over the past 4000 yr, we identified 17 volcanically active periods (Fig. 15 and Ta-
ble 4), and it is clear that volcanic events were most frequent during the Little Ice
Age. In the NH, eight volcanically active periods can be identified during the first two
millennial B.C.E., during which one or several large volcanic events had impacts on
the climate (Fig. 15, Table 4, see later discussion). In contrast, Southern Hemisphere
records exhibit very few volcanic events during the first two millennia B.C.E. (Cole-Dai
et al., 2000; Wanner et al., 2008). In terms of volcanic events, 0-600 C.E. was a rather
calm period (Fig. 15). The largest volcanic event during the past 4000 yr occurred at
1258—-1259 C.E. Climate responses are somewhat ambiguous for this event as tree-
rings (Mann et al., 2012) and (‘)‘180ice in Greenland (Zielinski, 1995) did not show clear
signals of climate change, perhaps owing to the character of proxy (Mann et al., 2012)
or lower climate sensitivity to volcanic events during the warmer Medieval Warm Period
(Zielinski, 1995).
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5.1.5 Integrating climate forcings and calculating temperature changes in
different latitudinal bands using 1d-EBM

As five climate forcings (orbital, solar, volcanic, greenhouse gases, and aerosols) were
quantified as AF from 2000 B.C.E. to 1950 C.E., it is possible to integrate them and
calculate the corresponding surface temperatures using climate models. Total forcing,
excluding orbital forcing, shows a slight increasing trend from 2000 B.C.E. to approx-
imately 200 C.E., due to increasing greenhouse gas forcing and fewer volcanic erup-
tions (Fig. 13), and remains relatively high during the first millennium C.E. Then, total
forcing decreases, owing to more volcanic eruptions and weaker solar activity toward
1850 C.E. Finally, largely owing to increasing human-induced greenhouse gases, total
forcing increases rapidly to the highest level in the past 4000 yr (Fig. 13). According
to the calculated forcings, the multi-decadal to centennial variations were caused pri-
marily by volcanic forcing and secondarily by solar and greenhouse forcing during the
pre-industrial period (Fig. 13).

To investigate the impacts of orbital forcing at different latitudes, we utilized a one-
dimensional energy balance model (1d-EBM; Budyko-Sellers model) (Budyko, 1969;
Sellers, 1969) that can be resolved for 18-latitudinal bands (10° for each band) over
the globe (McGuffie and Henderson-Sellers, 2005). The heat transports into and out
of the bands were calculated from the deviations of zonal mean temperatures from
global mean temperatures. Observed average albedo for each latitudinal band was
used to calculate the energy balance at the latitudinal bands, which were set to be
constant through time. EBMs are computationally efficient and calculate mean annual
hemispheric temperatures close to the observations (Crowley, 2000; Mann et al., 2012).
The 1-d EBM was tested for seasonal heat transport divergence and found to match
observations, especially for high latitude regions (Warren and Schneider, 1979).

Latitudinally variable solar insolation (for example, annual insolation at 65°N was
used for a latitudinal band of 60° N-70°N.) was obtained from Laskar et al. (2004).
Then, fractions of solar insolation from the present value for each latitudinal band were
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calculated for every year, and applied to all latitudinal bands for each time step (1-yr).
Although better forcing estimates are available toward the more recent past, we used
the climate forcings described above for the entire period to verify the fidelity of the
forcing estimates by comparing them with available temperature records. The model
simulation starts at 2200 B.C.E. and calculates until 1950 C.E. Calculated tempera-
tures for a latitudinal band of 70-80° N exhibited a secular decreasing trend over the
past 4000 yr owing to orbital forcing, and it contrasts with calculated NH average tem-
peratures that exhibit a similar trend (r = 0.97, p < 0.01) with that of the total forcings
excluding orbital forcing, (Fig. 16, top). This indicates that the influence of orbital forcing
on NH annual average temperatures is limited over the past 4000 yr, which is consis-
tent with equilibrium runs for the mid-Holocene (Braconnot et al., 2007) and transient
runs (Renssen et al., 2006) of GCM simulations. The model-derived 70-80° N temper-
atures exhibit warmer temperatures than the ice-core-derived Greenland temperatures
because the ice core site is located at high altitude (3200 m a.s.l.). However, average
temperatures of the model-derived 70-80° N temperatures (Fig. 16, bottom) are similar
to the mean annual temperature (-11.1 £2.3°C) of the northwest coast of Greenland
(Pituffik/Thule Air Base; 76° 32" N, 68° 45’ S) (Box, 2002).

5.2 Causes of Greenland temperature variability over the past 4000 yr

Multi-decadal to centennial Greenland temperature anomalies (GTA) from the NH tem-
perature trend were found to be influenced by changes in solar induced NAO/AO-like
atmospheric circulation, possibly involving changes in the AMOC over the past 800 yr
(Kobashi et al., 2012). During stronger (weaker) solar activity, Greenland temperatures
exhibit positive (negative) deviation from the NH temperature trend (Kobashi et al.,
2012). The relationship can be written as follows:

GTA = Standardized Greenland temperature — standardized NH temperature (1)
= —k(—detrended standardized TSI)
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where k indicates a scaling coefficient. As no realistic NH average temperatures are
available over the past 4000 yr, we calculated the GTA using model estimates of NH
temperatures (note that we used 70-80° N temperatures instead of NH temperatures
(Fig. 15 top) to account for orbital forcing). As during the past 800 yr, the GTA over the
past 4000 yr was significantly influenced by solar variability (a correlation coefficient
between the GTA and detrended TSl is r = -0.41, p < 0.01 as in Fig. 16, middle).
We note that the calculated NH temperature contains solar signals as a forcing, such
that the GTA and TSI are not totally independent. Therefore, we calculated a north
hemispheric temperature history without solar forcing but including all other forcings (as
solar forcing exhibits a relatively small contribution to total forcing; see Fig. 13) and then
computed the GTA. We found that the GTA was still significantly correlated (r = -0.21,
p =0.05) with the detrended TSI, noting that they are two totally independent time
series (Fig. 16, middle). This indicates the critical role of a negative solar influence and
volcanic forcing (the most important forcing for multi-decadal to centennial time scale;
see Fig. 13.) on the Greenland temperatures over the past 4000 yr.

From the relationship in the Eq. (1), we calculated a history of Greenland tempera-
tures from the model outputs of 70-80° N average temperatures (Fig. 16, top, red line)
by adding a negative solar signal. The scaling coefficient kK was obtained as a standard
deviation (1.21) of the aforementioned GTA over the past 4000 yr (Fig. 16, middle, red
line). The calculated Greenland temperatures are significantly correlated with the ice
core-derived Greenland temperatures with a 97 % confidence level (r = 0.32, p = 0.03;
Fig. 17), indicating that the calculated forcing and negative solar singles can explain at
least 10 % of the variance in Greenland temperature over the past 4000 yr. Negative
solar signals with (14C-based and 10Be-based) TSI data produced Greenland tem-
peratures that have similar significant correlations of r = 0.27 (p = 0.05) and r = 0.35
(p = 0.03) with the ice core-derived Greenland temperatures, respectively, confirming
the robustness of the result. As the calculated and ice core-derived Greenland tem-
peratures of the past 4000 yr are totally independent, the correlation is not an artifact.
Considering the large expected internal variability of the regional climate, this is rather
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remarkable. A millennial cooling from approximately 500 B.C.E. to 0 C.E. that was ob-
served in the Greenland temperature reconstructions from borehole temperature pro-
files (Dahl-Jensen et al., 1998) was also found in the calculated temperatures (Fig. 17),
indicating that the cooling was caused by several volcanic eruptions and negative re-
sponses of Greenland temperatures to solar variability.

5.3 Implications for northern high latitude temperature changes over the past
4000 yr

The northern high latitude (NHL) temperature was derived from the ice-core-derived
Greenland temperatures and solar signals (combined) following Eq. (1) (Fig. 18). The
NHL temperature was extended by 21 yr by adding the Greenland Summit tempera-
tures (Box et al., 2009; Kobashi et al., 2011) from 1994 to 1998 C.E. and adding a TSI
record in 21 RMs (Wang et al., 2005b) from 1978 to 1998 for TSI. The three NHL
temperatures derived from different TSI estimates generally agree well (Fig. 18, mid-
dle), but the correlation (r = 0.91, p < 0.01) between the “combined” and «“14C-based”
NHL temperatures is higher than the correlation (r = 0.79, p < 0.01) between the “com-
bined” and “'°Be-based” NHL temperatures, as mentioned earlier. The “1086_pased”
NHL temperatures are slightly higher than the other estimates (Fig. 18, middle).

The modeled 70-80° N average temperatures and NHL temperatures are signifi-
cantly correlated (r = 0.53, p < 0.01) at the 99 % confidence level over the past 4000 yr
(Fig. 16, bottom). The ice core-derived Greenland temperatures and the modeled 70—
80° N average temperatures did not exhibit a significant correlation, indicating that the
added negative solar signal on the Greenland temperatures is a critical element for the
NHL temperatures. As the two time series are not completely independent, because
both estimates possess the same TSI signals, we tested the relationship by calculat-
ing a modeled 70-80° N average temperature without solar forcing as we did for the
GTA. It was found that the model-derived 70-80° N temperature without solar forcing
was significantly correlated (r = 0.33, p = 0.03) with the NHL temperature, noting that
now the two time series are totally independent (Fig. 16 bottom). This is unambiguous
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evidence of the significant influence of large volcanic eruptions on the multidecadal to
centennial variation in climate over the past 4000 yr. Most of the important volcanically
active periods (Table 4) seem to coincide with large cooling events, such as that at
approximately 1700 B.C.E., the 2.8 ka event, and the Little Ice Age (Fig. 16).

Next, we compared the NHL temperature with the extra-tropical Northern Hemi-
sphere mean temperature (30—90°N) (Christiansen and Ljungqvist, 2012) and the
polar region temperature (60—90° N; primary summer temperature) (Kaufman et al.,
2009) for the overlapping period of the past 2000 yr (Fig. 18). As proxy temperatures
generally record spring to summer temperatures (Kaufman et al., 2004, 2009), this
provides an opportunity to compare them with an annual average estimate of the NHL
temperature. Correlations between the NHL temperature and the polar region tem-
perature and between the NHL temperature and the extra-tropical temperature are
remarkably high, with values of r = 0.60 (p =0.01) and r = 0.45 (p = 0.06), respec-
tively, for the past 2000 yr (as shown in Fig. 18, bottom). Therefore, the NHL tem-
perature captures the high latitude temperature trend well. We note that correlations
between the ice core-derived Greenland temperatures and extra-tropic or polar-region
temperatures are lower (r =0.33, p =0.11 and r = 0.29, p = 0.21, respectively), sup-
porting negative responses of Greenland temperatures to solar variability. Model out-
puts of 70-80° N average temperatures (Fig. 16, top) exhibited significant correlations
(r=0.57, p=0.02; r =0.62, p = 0.02, respectively) with the extra-tropic (Christiansen
and Ljungqvist, 2012) and polar average temperatures (Kaufman et al., 2009) in 21RMs
over the past 2000 yr, indicating that 18—-38 % of the variance in the temperatures can
be explained by the reconstructed climate forcings.

Figure 19 shows the NHL and polar region (Kaufman et al., 2009) temperatures and
the modelled 70-80° N average temperatures with all forcings and without greenhouse
gas forcing. From the two model outputs, it can be concluded that greenhouse gas
forcing played two critical roles over the past 4000 yr. One is that it caused cooler tem-
peratures in earlier periods than temperatures without greenhouse gas forcing (owing
to a long-term increase in greenhouse gas forcing), and importantly, the other is that it
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caused a rapid warming during the 20th century (Fig. 19). Departure between the NHL
(and polar region) temperature and the modeled 70-80° N average temperature without
greenhouse gas forcing stared at approximately 1900 C.E (Fig. 13), and it is clear that
no large warming would have occurred during the 20th century without greenhouse
gas forcing. This reinforces earlier findings (Solomon et al., 2007) that an increase in
the NHL (polar region) temperature during the 20th century cannot be explained with-
out human-induced greenhouse gas increases. In addition, extending the conclusion of
Kaufman et al. (2009) for the past 2000 yr, the late 20th century average temperature
in the northern high latitude is likely warmer than at any time during the past 4000 yr
(Fig. 19).

5.4 Implications for NH average temperature changes over the past 4000 yr

The model outputs indicate that 70-80° N and NH average temperature responses to
climate forcings are different only in their long-term trends (Fig. 16, top). Over the past
4000 yr, low latitudes experienced increasing mean annual insolation and high lati-
tudes experienced decreasing mean insolation (Fig. 11). As low latitudes have larger
areas than high latitudes, NH average temperature generally follows low latitude tem-
perature trends under conditions of a constant background climate. Keeping this in
mind, we compared the NHL temperatures with two NH average proxy temperature
records (Fig. 20). To assign a temperature scale to the NHL index, it was standard-
ized and scaled to the average standard deviation of Moberg et al. (2005) and Mann
et al. (NHHAD_EIV) (Mann et al., 2008) proxy NH temperatures in 21 RMs for the past
1000 yr. The absolute values were assigned by comparing the temperature scale with
an average of observed NH average temperatures (21 RMs) from the period from 1860
to 1977 (HadCUT3; Brohan et al., 2006) (Fig. 20).

The NHL temperature generally agrees with the observed and proxy NH temper-
atures for the overlapping periods (Fig. 20). Correlations between Moberg et al. NH
temperatures are r =0.34 (p = 0.14) and r = 0.52 (p = 0.08) for periods from 11 C.E
to 1969 C.E. and 1200C.E. to 1969 C.E. Correlations between Mann et al. (2008) NH
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temperatures are r =0.44 (p = 0.10) and r = 0.51 (p = 0.05) for periods from 11 C.E.
to 1969 C.E. and 1200 C.E. to 1969 C.E., respectively. Therefore, both of the NH proxy
temperature records are at least significantly correlated with the NHL temperatures
over the past 800 yr (Fig. 20). The poorer correlations in the longer periods may reflect
the effects of latitudinally variable mean insolation for the period or may be due to the
poor quality of the NH proxy temperature, as the two proxy NH temperature estimates
diverged in the earlier period of the past 2000 yr. Considering the fact that northern
high latitude average temperatures are affected by decreasing annual insolation, ow-
ing to orbital forcing over the past 4000 yr (Fig. 16), NH average temperatures should
have a smaller decreasing temperature trend than the NHL temperature trend over the
past 4000 yr (Fig. 20). Therefore, as the current decadal temperature of the NHL is
higher than at any time over the past 4000 yr, it is likely that the current decadal NH
average temperature is higher than at any time over the past 4000 yr (Fig. 20).

Based on the 4000 yr long NH temperature estimate, we found that the magni-
tudes of the two sequential cooling events at approximately 800 and 400 B.C.E. (the
2.8 ka event) were similar to the Little Ice Age, although the duration was shorter. The
2.8ka event has been thought to be global (Chambers et al., 2007), and reportedly
caused by decreasing solar outputs (Chambers et al., 2007; Martin-Puertas et al.,
2012). However, we found that large volcanic events played equally important roles
in cooling (Fig. 13). The 2.8ka event corresponds to the Iron Age Cold Epoch in the
Mediterranean-European climatic zone (Fig. 20). The model and observations indi-
cate a warm inflow in the North Icelandic shelf influenced areas near Iceland and East
Greenland during the event, contrasting with the wide spread cooling especially around
the North Atlantic basin (Renssen et al., 2006). The 2.8 ka event and the Little Ice Age
were parts of the Bond cycle that persisted in the North Atlantic with a 1500 yr period
(Fig. 18). As the Little Ice Age and the 2.8 ka event can be explained by volcanic and
solar forcings, the Bond cycle may well be caused by these forcings (Fig. 18).

Lastly, we compared the NHL temperature with a speleotherm 580 record from
Dongge cave that reflects changes in Asian monsoon strength (Wang et al., 2005a)
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(Fig. 21). The record exhibits a long-term trend similar to a North Hemisphere summer
insolation curb (the timing of the insolation minimum is slightly different in the different
latitudes from June to July) (Fig. 21 top), which indicates that the Asian summer mon-
soons closely followed summer insolation changes (Wang et al., 2005a). Detrending
the long-term trend, the multidecadal to multi-centennial variation exhibited a signifi-
cant correlation (r = -0.29, p = 0.01 in 21RMs) with the NHL temperatures (Fig. 21
bottom), indicating a possible link between the Asian monsoons and north hemispheric
temperatures on the multi-decadal to multi-centennial time scale. We note that the de-
trended Dongge cave record also exhibits a significant correlation with the detrended
TSI (r = -0.33, p < 0.01) (Wang et al., 2005a). During the 2.8 ka and subsequent cool-
ing events, the Asian monsoon failed substantially with significant cooling (Fig. 21).
These events may have forced people to migrate from the continent to the warmer and
more humid islands of Japan, bringing their continental culture (e.g. irrigation) (Dia-
mond, 1998) and marking the beginning of the Yayoi period in Japan.

6 Conclusions

The Greenland temperatures over the past 4000 yr reconstructed from trapped air
within the GISP2 ice core (Kobashi et al., 2011) provided an exceptional opportunity
to investigate late Holocene climate changes because of several advantages: (1) the
resolving of precise multi-decadal to millennial temperature variation; (2) the recording
of “mean” annual temperatures (many paleo-temperatures are spring to summer prox-
ies); (3) the tight age control; (4) the understanding of regional climate (Kobashi et al.,
2012); and (5) the plentiful paleoclimate information that is available from the GISP2 ice
core. With reconstructed climate forcings (volcanic, solar, orbital, greenhouse gases,
and aerosols) over the past 4000 yr, we calculated high latitude temperatures with
1d-EBM and then Greenland temperatures considering negative Greenland temper-
ature responses to changes in solar output. Calculated Greenland temperatures are
significantly correlated with ice core-derived Greenland temperatures, indicating that
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reconstructed climate forcings can explain at least 10 % of Greenland temperature
variability over the past 4000 yr. Then, we derived northern high latitude temperatures
(NHL temperatures) from the ice core-derived Greenland temperatures. This result in-
dicated that the current decadal average NH temperature is likely warmer than at any
time over the past 4000 yr.

This is the first step in utilizing high-quality paleo-temperature data with the pos-
sibility of extending its inferences to hemispheric temperature trends. The next step
toward a full understanding of the late Holocene climate changes is to evaluate these
inferences with careful proxy compilations and the application of Atmospheric Ocean—
General Circulation Models.
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Table 1. Characteristics of the current climate in six core sites. The data from NGRIP, GRIP,
and Renland are from Vinther et al. (2008); data for Dye-3 are from Vinther et al. (2006); and
data for GISP2 are from Meese et al. (1994) and Kobashi et al. (2011).
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Mean air
Ice Cores Elevation Latitude Longitude temperature  Accumulation
(ma.s.l) (°N) W) (°C) (m ice per year)
Agassiz 84/87 1730 80.7 73.1 -21.9 0.10
NGRIP 2920 75.1 42.3 -32 0.19
GISP2 3200 72.6 38.5 -30 0.21
GRIP 3230 72.6 37.6 -32 0.23
Renland 2350 71.3 26.7 -18 0.50
Dye-3 2490 65.2 43.8 -20 0.56
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Table 2. Correlation coefficient matrix of (‘)‘180ice with PCAs in 20-yr RMs with solar (raw data)
and temperature (raw data). Parentheses indicate p-values lower than 0.1 (using a two-sided
Student’s t-test). Bold text indicates a greater than 90 % confidence level and italic text indicates

a greater than 95 % confidence level.
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GISP2 GRIP NGRIP Renland Agassiz Solar Temp
Dye3 0.31(<0.01) 0.38(0.02) 0.37(0.01) 0.31(0.06) 0.26 (0.09) 0.28(0.03) 0.25(0.04)
GISP2 0.26 (0.05) 0.22 (0.06) 0.19  0.3(0.04) 0.16 0.27 (0.02)
GRIP 0.51 (0.06) 0.42 0.33 0.24 0.34
NGRIP 0.42 (0.10) 0.31 0.20 0.39(0.01)
Renland 0.33 0.34(0.03) 0.38(0.05)
Agassiz 0.29 0.30
PC1 0.37 (0.10) 0.49 (0.05)
PC2 0.00 -0.02
PC3 -0.07 -0.06
PC4 0.12 -0.07
PC5 0.11 0.04
PC6 -0.04 0.07
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Table 3. Principal component analysis of oxygen isotopes in ice over the past 4000 yr. Data
from 680, in 20-yr RMs are used for the calculation. Note that initially PC1 had negative cor-
relations with all 6180ice, but the sign of PC1 is reversed so that PC1 has positive correlations

with all 6180ice, making the discussion simpler.
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PC1 PC2 PC3 PC4 PC5 PC6
Component loadings
Agassiz 038 027 -0.73 040 -0.29 -0.01
Dye3 040 0.14 060 067 0.07 -0.038
GISP2 032 078 0.11 -047 019 0.08
GRIP 046 -024 0.10 -0.32 -0.30 -0.73
NGRIP 045 -0.33 0.12 -025 -0.38 0.68
Renland 042 -0.36 -025 -0.04 080 0.03
Component variance

265 090 076 0.61 0.59 049
Importance of components
Standard deviation 1.63 0.95 0.87 0.78 0.77 0.70
Proportion of variance 0.44 0.15 0.13 0.10 0.10 0.08
Cumulative proportion 0.44 0.59 0.72 0.82 0.92 1
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Table 4. Seventeen periods of strong volcanic events over the past 4000 yr. Positive and neg-
ative years indicate C.E. and B.C.E., respectively. Average forcing has a unit of Wm™.

#  Starting Ending Duration Ave. forcing
(year)  (Wm™)
1 1758 1860 102 -0.35
2 1618 1668 50 -0.40
3 1437 1487 50 -0.25
4 1326 1376 50 -0.23
5 1246 1297 51 -0.22
6 1161 1238 77 -0.20
7 1099 1148 49 -0.20
8 930 980 50 -0.41
9 612 661 49 -0.22
10 -81 -30 51 -0.18
11 -201 -151 50 -0.18
12 -432 -382 50 -0.36
13 -639 -563 76 -0.66
14 -1109 -1059 50 -0.16
15 -1211  -1161 50 -0.22
16 -1480 -1427 53 -0.21
17 -1718 -1593 125 -0.35
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Fig. 1. Greenland temperature reconstructions over the past 1000 years from two studies
(Kobashi et al., 2010, 2011). Error bands (blue and red) are 10 values. Note that overlapping

areas of uncertainties are shown in grey.
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(b) g Ice core sites

L
0

0 5 1

Fig. 2. Correlation maps between two Greenland Summit temperatures and grid temperatures
over the period from 1852-2010. Grid temperature data are from Box et al. (2009). (a) Corre-
lation map with the observation-model-based Summit temperatures (annual resolution) by Box
et al. (2009). (b) Correlation map with the ice-core-based Summit temperature (raw data) by
Kobashi et al. (2011). Grid temperatures are at annual resolution. Parentheses indicate correla-
tion coefficients between the Summit temperatures (Kobashi et al., 2011) and 6180ice from six
ice cores over the past 4000 yr. ltalics represent correlation coefficients with confidence levels
of greater than 90 %. See Table 2.
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Greenland Summit (Kobashi et al., 2011) vs global grid temperature (GISS)
for 1880-2010.

Fig. 3. Grid correlation coefficients between two Greenland Summit temperatures (Box et al.,
2009; Kobashi et al., 2011) and global grid temperatures (Mann et al., 2009) for two periods
from 1880-2010 (top and middle) and 1200—-2010 (bottom), respectively. Only grids with > 90 %
confidence are shown (two-sided tests). Grids with continuous temperature data for 131 yr (top
and middle) and 811 yr (bottom) were used for the calculations, respectively.
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Fig. 7. Greenland temperature and PC1 of 6180ice of six Greenland ice cores in 20-yr RMs.
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Fig. 8. Differences in TSI over the past 4000 yr from the value of 1365.57 Wm™2 in 1986. The

data for combined, 14C-based, and '°Be-based estimates are from Steinhilber et al. (2009,

2012), and Vieira et al. (2011), respectively.
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Fig. 10. Orbital forcing at 72° N. (top) Mean monthly average insolation. Months are defined
from the days 21-20 (e.g. January is from 21 December to 20 January). (bottom) Percent
change of mean annual insolation from present. Data are from Laskar et al. (2004). Present
mean annual insolation is 192.8 Wm™2. Note that December and January have no insolation.
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Fig. 11. Percent change of annual solar insolation (Laskar et al., 2004) from present in various
latitudes over the past 4000 yr.
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Fig. 15. Volcanic forcing for NH over the past 4000 yr derived from the GISP2 sulfate record
(Mayewski et al., 1997). Black and red lines are raw data and 51-yr RMs for reconstructed
volcanic signals, respectively. Blue shaded areas are periods when volcanic forcings were lower
than the standard deviation (—O.15Wm‘2; dotted line) of the 51-yr RMs and lasted for more
than 50 yr. Seventeen volcanically active periods were identified (Table 4).
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Fig. 16. Modeled and ice core-derived temperatures and GTA over the past 4000 yr. (top) Model
outputs of NH and 70-80° N average temperatures. Black lines indicate long-term trends over
the past 4000 years. (middle) Blue, red, and green lines are the detrended TSI and GTAs calcu-
lated with model 70-80° N temperatures with all forcing and without solar forcing, respectively.
(bottom) Red, green, and blue lines are modelled 70-80° N temperatures with all forcing and
without solar forcing and NHL temperature, respectively.
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Fig. 17. Modeled, ice core-derived (21 yr RMs), and borehole temperature-based Greenland
temperatures. Two time series (blue and red) are correlated (r = 0.32) at the 97 % confidence
level. The black line is Greenland temperature reconstruction from borehole temperature pro-
files (Dahl-Jensen et al., 1998). 10 error bands for the Greenland temperatures in the 21 yr
RMs were estimated by a Monte Carlo method following Kobashi et al. (2012).
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Fig. 18. Greenland, NHL, extra-tropical, and polar region temperatures over the past 4000 yr.
(top) ice core-derived Greenland temperature (Kobashi et al., 2011) and the NHL temperature.
(middle) The NHL temperature derived from different TSI reconstructions (see text). (bottom)
The NHL temperature (combined), extra-tropic temperature in 21-yr RMs (Christiansen and
Ljungqvist, 2012), and polar region temperature in 21 yr RMs (Kaufman et al., 2009).
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Fig. 19. NHL temperature and polar region temperature in 21-yr RMs compared with model
outputs for 70-80° N average temperatures with all forcings and without greenhouse gas forcing
over the past 4000 yr. (top) Period from 1 C.E. to 2000 C.E. (bottom) Period from 2000 B.C.E
to 2000 C.E.
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Fig. 20. NH temperature anomaly reconstruction (from the base year of 1961-1990). (top)
Period from 1850 C.E. to 2010 C.E. (middle) Period from 1000 C.E. to 2010 C.E. (bottom)
Period from 2000 B.C.E—2000 C.E. Observed temperatures and the two proxy temperatures
are from Brohan et al. (2006), Mann et al. (2008), and Moberg et al. (2005), respectively. These
data were smoothed by 21-yr RMs. The present temperature anomaly (dotted line; 0.42°C) was
derived from an average of the NH temperature anomaly (Brohan et al., 2006) from 1991 C.E.
to 2011 C.E. Shaded areas in the bottom panel are the 2.8 ka and subsequent cooling events.
European cultural climatic zones are also shown in the bottom panel.
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