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Abstract

The last interglacial (LIG) is characterized by high latitude warming and is therefore
often considered as a possible analogue for future warming. However, in contrast to
predicted future greenhouse warming, the last interglacial climate is largely governed
by variations in insolation. Greenhouse gas (GHG) concentrations were relatively sta-
ble and similar to pre-industrial values, with the exception of the early last interglacial
where GHGs were slightly lower.

We performed six time-slice simulations with the low resolution version of the Norwe-
gian Earth System Model covering the last interglacial. In four simulations only orbital
forcing was changed, and in two simulations additionally GHG forcing was reduced to
values appropriate for the early last interglacial.

Our simulations show that insolation forcing results in seasonal and hemispheric dif-
ferences in temperature. In contrast, a reduction in greenhouse gas forcing causes
a global and seasonal-independent cooling. We also compare our modelled results to
proxy data extracted from four marine sediment cores covering the entire last inter-
glacial along a northeast-southwest transect in the North Atlantic. Our modelled North
Atlantic summer sea surface temperatures capture the general trend of the proxy sum-
mer temperatures, with low values in the early last interglacial, a peak around 125 ka,
and a steady decrease towards the end of the last interglacial. Temperatures com-
puted by the simulations with reduced GHG forcing improve the fit as they show lower
temperatures in the early last interglacial. Furthermore we show that the timing of max-
imum surface temperatures follows the local insolation maximum. Two exceptions are
the temperatures on Antarctica that show maxima at both ~ 130 ka and ~ 115 ka, and
the Southern Ocean austral summer temperatures that peak early at ~ 130 ka. This is
probably due to the integrating effect of the ocean, storing summer heat and resulting
in relatively warm winter temperatures.
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1 Introduction

The last interglacial period (LIG, ~130—116 ka, ka = 1000 yr ago) is often considered
as an analogue for future climate warming (e.g. Kukla et al., 2002; Jansen et al., 2007;
Clark and Huybers, 2009). Indeed, the early LIG is characterized by warm high latitude
climates (e.g. CAPE Last Interglacial Project Members, 2006), and approximately 7 m
higher sea level than today (Kopp et al., 2009). However, in contrast to the predicted
future greenhouse warming, the climate of the last interglacial is governed by variations
in solar insolation. Atmospheric CO, concentrations were close to, or slightly below
pre-industrial values (280 ppm; Petit et al., 1999; Luéthi et al., 2008), as were the
other main greenhouse gas (GHG) concentrations (Loulergue et al., 2008; Schilt et al.,
2010).

In addition to numerous studies based on marine proxies (e.g. Leduc et al., 2010;
Van Nieuwenhove et al., 2011), a few recent studies have compared reconstructed
climate of the last interglacial to equilibrium simulations with general circulation models
(GCMs) (e.g. Born et al., 2011; Govin et al., 2012; Lunt et al., 2013). To first order,
the simulated and reconstructed interglacial mean surface ocean temperatures are
comparable and show warm high latitudes, in particular in the North Atlantic. However,
for the early part of the last interglacial marine proxies show colder conditions in the
North Atlantic, Labrador and Norwegian Seas compared to model simulations. One
possible reason for this is the input of freshwater to the North Atlantic from melting of
the remnants of the Saalian ice sheets (penultimate glacial period) (Govin et al., 2012).

On land, Kaspar et al. (2005) compare atmospheric climate model results to paleob-
otanically derived European temperatures for 125 ka. They find a good match between
reconstructed and simulated higher temperatures in the early last interglacial, and con-
clude that the different orbital parameters are sufficient to explain the reconstructed
patterns over Europe. Lunt et al. (2013) compare last interglacial temperatures com-
puted by an ensemble of equilibrium climate model simulations to a global temperature
reconstruction (sea-surface and land temperatures) compiled by Turney and Jones
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(2010). They show that the modelled annual mean surface air temperatures over land
do not correspond well with the reconstructed LIG temperatures. Comparing simulated
summer surface air temperatures to the proxy dataset, instead of annual mean, im-
proves the fit, although large discrepancies still exist. Lunt et al. (2013) also find that
their simulated ensemble mean annual sea surface temperature underestimates North
Atlantic sea surface temperatures for the last interglacial when compared with the ma-
rine proxies.

We will go one step further than previous studies by comparing seasonal output from
four time-slice simulations to four high-resolution proxy records from the North Atlantic.
These records have a relatively high resolution and are all transferred to one common
time scale, so no additional errors will be induced when comparing the records to
each other. We focus on the North Atlantic/Nordic Seas because these regions are
particularly sensitive to changes in climate forcing and are thought to endure large
environmental changes in the near future (e.g. Meehl et al., 2007; Lenton et al., 2008).

Before we discuss the comparison between our simulated temperatures and the last
interglacial proxy records, we will assess the relative effects of greenhouse gas and
solar insolation forcing on the simulated last interglacial climate. Finally we will evaluate
the timing of peak last interglacial warmth in our simulations, and document its strong
dependence on latitude and whether the locality is over ocean or land.

2 Methods and experimental set-up
2.1 The Norwegian Earth System Model

The Norwegian Earth System Model (NorESM) is derived from the Community Earth
System Model (CESM) developed at the National Center for Atmospheric Research
(NCAR). It consists of the same components for the atmosphere (CAM4), land (CLM4)
and sea ice (CICE4), and uses the CESM coupler (CLP7). However, a key difference
with CESM is the use of a different ocean component, based on the Miami Isopycnic
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Coordinate Ocean Model (MICOM). This component is largely modified from MICOM
in order to improve conservation of mass and heat, and the efficiency and robustness
of the transport of tracers (for more details see Assmann et al., 2010). Furthermore
the NorESM CAM model (CAM-Oslo) optionally provides a detailed treatment of atmo-
spheric chemistry, aerosols and clouds (Seland et al., 2008).

NorESM participates in the fifth phase of the Climate Model Intercomparison Project
(CMIPS5; e.g. Taylor et al., 2012). For an in-depth description of NorESM and its climate
response to CMIP scenarios we refer to Bentsen et al. (2013) and Iversen et al. (2013),
respectively.

The simulations in this study are performed with the low-resolution version of
NorESM (NorESM-L) in order to reduce computation time and allow for several equilib-
rium simulations. The atmospheric component has a spatial resolution of approximately
3.75° x 3.75° (T31) and comprises of 26 levels in the vertical. The ocean component’s
horizontal grid size corresponds to a nominal grid size of 3° (g37) and consists of 30
isopycnic layers in the vertical. The sea-ice component follows the ocean grid, and the
land component follows the atmospheric grid. For further details concerning the dif-
ferent components within NorESM-L we refer to Zhang et al. (2012). This paper also
describes the results from the pre-industrial and mid-Pliocene simulations. Additional
experiments for warmer (last millennium and 6 ka) and colder (Last Glacial Maximum)
then present paleo time slices are currently being performed with NorESM-L. These all
follow the set-up as defined by the Paleoclimate Modelling Intercomparison Project 3
(PMIP3).

2.2 Experimental set-up

We performed seven time-slice simulations with NorESM-L: one pre-industrial (P1) con-
trol experiment and six last interglacial (LIG) simulations (see Table 1). All simulations
use the modern land-sea distribution, topography, ice sheets and vegetation, as con-
stituted in CESM (Vertenstein et al., 2012), as well as modern ocean bathymetry.
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In the Pl simulation atmospheric greenhouse gas concentrations are set to pre-
industrial values of CO,, CH, and N,O (see Table 1) and zero levels of chlorofluoro-
carbons (CFCs). Orbital parameters are set to values for the year 1950 (Berger, 1978).
The ocean model is initialized from modern observed temperatures and salinities (Lev-
itus and Boyer, 1994). While keeping the orbital configuration and greenhouse gases
fixed, the PI control simulation is run for 1500 yr.

The LIG simulations are branched off from the Pl simulation at model year 495, when
the Pl run is close to equilibrium. Four LIG time-slice simulations are performed with
fixed pre-industrial greenhouse gases, but with orbital parameters of 115ka, 120Kka,
125ka and 130ka. These experiments are given the suffix Gpi in Table 1 denoting
Greenhouse gas levels (G) at pre-industrial (pi) levels. Two LIG simulations (125 ka_Gpi
and 130 ka_Gpi) are repeated using the lower greenhouse gas levels as set by PMIP
based on Petit et al. (1999); Luéthi et al. (2008); Loulergue et al. (2008) and Schilt et al.
(2010) (see 125ka and 130ka in Table 1). All LIG simulations are run another 505 yr
(from model year 495 to 1000) using the new orbital and greenhouse gas forcing.

All simulations are close to equilibrium in model year 900. The model results pre-
sented in this study are therefore based on the years 901 to 1000 of each simulation.
The global mean ocean temperature trend during this final period is found to be small
at 0.006—0.024 °C/100 yr.

2.3 Sediment data used for model-data comparison

We compare our last interglacial model results to proxy data extracted from four marine
sediment cores along a northeast-southwest transect in the North Atlantic (Table 2).
These cores cover the entire period of interest (115-130 ka) and have a relatively high
sedimentation rate (~ 5 to 17cmyr'1). Govin et al. (2012) transferred these sediment
cores to one single time scale based on the Greenland NGRIP 580 ice core record
(North Greenland Ice Core Project members, 2004). The total age uncertainty of less
than 2500 yr combines uncertainties in the resolution of the records and the procedure
transferring all records to a common time scale (Govin et al., 2012).
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We compare our model results to the reconstructed summer sea-surface tempera-
tures (SST) as provided by Govin et al. (2012), where the SSTs of MD95-2010 and
EW9302-JPC2 are reconstructed using the percentage of the polar species Neoglobo-
quadrina pachyderma sinistral, and the SSTs of ODP 980 and CH69-K09 are recon-
structed using the Modern Analogue Technique on planktonic foraminifera faunal as-
semblages. Other proxies (e.qg. ice rafted debris, stable isotopes) are not considered in
this study. For a detailed discussion of the sediment core data and dating procedure,
we refer to Govin et al. (2012) and the original references in Table 2.

3 Results and discussion
3.1 Simulated seasonal and hemispheric surface air temperatures

We performed four simulations every 5000 yr covering the last interglacial by only
changing the orbital forcing (115 ka_Gpi, 120 ka_Gpi, 125 ka_Gpi and 130 ka_Gpi). Al-
though the global annual mean incoming insolation is similar for all four runs (Fig. 1a),
their latitudinal and seasonal distribution is significantly different (Fig. 1b—e).

The early last interglacial (130ka and 125ka) shows enhanced Northern Hemi-
sphere spring/summer insolation compared to pre-industrial conditions. Accompanied
with reduced Northern Hemisphere autumn/winter insolation this gives a stronger sea-
sonal cycle in the early part of the last interglacial. The opposite occurs in the late
last interglacial (115 ka), where a relatively cold Northern Hemisphere spring/summer
is combined with a warm autumn/winter, reducing the seasonal insolation contrast. In
the Southern Hemisphere (SH) the early last interglacial summer/autumn insolation is
enhanced, while winter insolation is reduced. Spring insolation is fairly similar to today.
The combined effect is a slightly weaker seasonal cycle in the Southern Hemisphere
in the early part of the last interglacial. The late last interglacial (115ka) Southern
Hemisphere seasonal insolation cycle is strengthened due to relatively warm austral
summers (especially at low latitudes) and slightly colder austral winters (Fig. 1d and e).
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The simulated global mean surface air temperature follows the Northern Hemi-
sphere insolation pattern, with a strong seasonal cycle in the early LIG experi-
ments (130ka_Gpi and 125 ka_Gpi) and reduced seasonal contrasts in the late LIG
(120ka_Gpi and 115ka_Gpi). This pattern is most pronounced when considering
Northern Hemisphere seasonal mean temperatures (Fig. 2a), while the Southern
Hemisphere temperatures show the opposite trend (Fig. 2b).

The two early LIG simulations with reduced greenhouse gas forcing (130ka and
125 ka) give the same seasonal contrast in hemispheric mean surface air temperatures
(not shown), albeit with slightly smaller absolute values.

Figure 3 illustrates the difference between orbital and greenhouse gas forcing for the
two 130ka simulations (130 ka and 130 ka_Gpi), which have the largest difference in
greenhouse gas forcing (23 ppm; Table 1). The reduced greenhouse gas forcing results
in a temperature reduction similar in all seasons and both hemispheres (Fig. 3 right col-
umn). In contrast the 130 ka insolation changes cause seasonal and hemispheric dif-
ferences in surface air temperature. The relatively large annual mean warming found in
high latitudes (mainly southern high latitudes), compared to the relatively small change
in annual mean insolation, is mainly due to the strong summer sea ice melting.

3.2 North Atlantic sea-surface temperatures

The evolution of summer SSTs measured in the four North Atlantic sediment cores
through the last interglacial (Table 2) is shown together with simulated temperatures in
Fig. 4. The temperature data from ODP 980 and CH69-K09 have a higher resolution
and are therefore 3-point smoothed (as is also done in Govin et al., 2012). The three
northern most cores (MD95-2010, ODP 980 and EW9302-JPC02) all show an increase
in SSTs early in the last interglacial, with maximum temperatures around 125ka, and
a decrease towards 115ka. In contrast, the southernmost core in the North Atlantic
(CH69-K09) records a steady increase from 130 ka, reaching a maximum at ~ 119ka,
with only a very minor decrease thereafter.
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We compare the sediment core data to our LIG simulations (Fig. 4) by extracting
mean monthly SSTs (representing the upper ~10m of the water column) from the
ocean grid boxes surrounding the sediment core locations. The dashed lines represent
the LIG evolution based on the four simulations using pre-industrial greenhouse gases.
The simulated summer (July, August and September) temperatures follow the general
pattern of the sediment core data. For the early part of the period this fit to the proxy
data is improved when including reduced GHG concentrations (experiments 130 ka
and 125 ka; dotted lines in Fig. 4).

The results presented here are computed from time-slice simulations, not from
a transient simulation. However, we expect a smooth transition from one time-slice
experiment to the next, as the orbital and GHG forcing changes slowly over this period.
In case dynamic ice sheets are included, the climate response may be more abrupt
and a transient simulation would be necessary.

In order to explain the reconstructed low temperatures of the early last interglacial,
Govin et al. (2012) suggest that (in addition to the altered orbital configuration) there
was inflow of meltwater to the North Atlantic from remnants of the glacial ice sheets.
Our simulations show evidence of significantly lower surface ocean temperatures solely
by reducing the levels of atmospheric greenhouse gases, without including freshwater
from melting ice sheets. Both, freshwater inflow and reduced GHG concentrations,
together or separately could help explain the relatively cold temperatures at the start of
the last interglacial.

Even though the general temperature evolution during the last interglacial is cap-
tured by the simulations, the model underestimates the temperatures at the two north-
ernmost core locations by ~ 2-3°C (MD95-2010 and ODP 980; Fig. 4a, b). This might
be due to reduced inflow of relatively warm Atlantic water into the Nordic Seas, caus-
ing too cold modelled temperatures at the northern most cores. On the other hand,
also the reconstructed SSTs can be too high. The Norwegian Sea (core MD95-2010)
SST estimates are derived from a defined linear relationship between the percentage
of a polar foraminifera species (N. pachyderma sinistral) and summer SSTs from the
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MARGO dataset. The total error on this calibration is 1.8°C (Govin et al., 2012). The
SSTs at the North Atlantic core ODP 980 are reconstructed using the Modern Analogue
Technique on foraminifera faunal assemblages. The error bar for this temperature re-
construction is between 0.5 and 2°C (Cortijo et al., 1999). Hence within the model and
data uncertainties the records fit well to the modelled temperatures.

Another probable source for the mismatch between modelled and reconstructed
SSTs relates to the depth at which the foraminifera live and create the shell that cap-
tures the ocean conditions. This habitat depth differs from species to species, and
could easily be below the upper 10 m of the water column, the value defining sea sur-
face in NorESM. However, as the reconstructed temperatures are calibrated to ocean
temperatures taken at 10 m water depth, errors occurring will be small compared to the
standard calibration error (see above).

The reconstructed maximum summer SSTs at ~125ka, as depicted by the three
northernmost sediment cores, is a large-scale phenomenon also simulated by the
model for the North Atlantic (Fig. 5). The warmth is most pronounced at the conti-
nental margins, and is not captured by the open ocean sediment core locations. In
contrast to the general pattern of warming, the SSTs in the centre of the North Atlantic
are colder during the last interglacial, a feature most pronounced during the early warm
last interglacial (125ka and 130ka). This is due to a slightly expanded subpolar gyre
(not shown) early in the last interglacial, shifting the separation between relatively cold
subpolar water and warm subtropical water further southeast.

3.3 Timing of maximum last interglacial warmth

Recent studies discuss the timing of the maximum warmth during the last interglacial
(e.g. Govin et al., 2012; Bakker et al., 2013). SST data from the Southern Ocean indi-
cate an early maximum, possibly preceding the temperature increase in the Northern
Hemisphere (Govin et al., 2012). In contrast, transient model simulations covering this
time period show SH January peak warmth only after ~ 120 ka (Bakker et al., 2013).
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Figure 6 shows the timing of maximum insolation (Fig. 6a and b) and peak warmth
(Fig. 6¢—f) for our LIG simulations (reduced GHG simulations not shown). We show
longitudinal mean values, as the variations in this direction are small compared to the
latitudinal and seasonal differences. The values are normalized per latitude so that
the peak warmth per latitude can easily be recognized. For further clarity we exclude
results for latitudes where the insolation varies less than 5 Wm™2 (Fig. 6a, b) and where
the temperature varies less than half of the mean variations (0.7 °C for Fig. 6¢c, d and
0.3°C for Fig. 6e, f).

Summer (JJA) insolation is at its maximum at 125 ka for most latitudes. Only at high
SH latitudes, 125ka and 130 ka show a combined maximum. Winter (DJF) insolation
has a late LIG (115ka) maximum, with an exception for the Arctic Ocean, which has
a slightly earlier maximum (120 ka).

The NH temperatures largely follow local insolation, with early peak warmth in sum-
mer (~130-125ka) and a late peak warmth in winter (~ 120-115ka). SH tempera-
tures also largely follow the insolation pattern, until the mid to high southern latitudes.
Between ~45°S and 90°S in both winter and summer, above land and ocean, the
temperature peaks at around 130 ka. Above Antarctica 115 ka also shows high austral
summer (DJF) temperatures, and therefore the Antarctic summer peak warmth could
either occur late or early in the last interglacial. This is in contrast with the clear early
summer peak warmth in the Southern Ocean, and hence explains both the early South-
ern Ocean peak as found by Govin et al. (2012) and the late Antarctica peak described
by Bakker et al. (2013).

The fact that the Southern Ocean peaks early also in austral summer, while direct
insolation is still relatively low shows the integrating effect of the ocean: at high latitudes
of the Southern Hemisphere (above ~40°S), which is dominated by ocean, summer
insolation is efficiently stored and results in warm surface temperatures also in win-
ter. This occurs not only over the ocean, but less effectively also over adjacent land
surfaces (Antarctica).
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Reducing the GHG concentrations in the early last interglacial (125 and 130 ka) re-
sults in a similar timing of peak warmth (not shown), except over Antarctica. There, the
lower GHG reduce the early last interglacial temperatures. As a consequence the peak
warmth shifts to 115 ka, even more confirming the results of Bakker et al. (2013).

4 Conclusions

We performed six time-slice simulations with the low resolution version of the Norwe-
gian Earth System Model (NorESM1-L) covering the last interglacial (LIG) from 130
to 115ka. In four simulations only orbital forcing was changed representing 130, 125,
120 and 115ka. The two early LIG (130 and 125ka) simulations were repeated with
reduced greenhouse gas (GHG) forcing.

Our simulations show small changes in annual mean atmospheric temperatures, but
a significant change in seasonal temperatures over the last interglacial. In the Northern
Hemisphere the seasonal cycle is enhanced early in the last interglacial, and reduced
in the later part. The Southern Hemisphere temperatures indicate the opposite, with
a smaller seasonal contrast early in the last interglacial and a similar or slightly larger
seasonal cycle later. We show that the seasonal and hemispheric differences are the
result of insolation forcing. In contrast, a reduction in greenhouse gas forcing causes
a global and seasonal-independent cooling.

The NorESM1-L simulations capture the general trend of last interglacial summer
SSTs, as shown by four sediment cores in the North Atlantic, confirming that the proxy
temperatures represent summer. Including reduced greenhouse gas levels during the
early part of the last interglacial period, as given by ice core data (e.g. Petit et al., 1999),
improves the fit to the SST reconstructions showing colder temperatures. Although
the fit to the proxy data is improved by lower GHG forcing, we cannot exclude the
possible influence of enhanced freshwater input from melting glaciers and ice sheets
(as proposed by Govin et al., 2012) when explaining the reconstructed cold surface
ocean temperatures of the North Atlantic in the early last interglacial.
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In general, the timing of peak warmth follows the local insolation maximum, with two
main exceptions. First, the Southern Oceans austral summer peak warmth occurs al-
ready in the early last interglacial (~ 130 ka), even though local insolation is only slightly
increased. This is probably due to the integrating effect of the ocean, storing summer
heat resulting in relatively warm winter temperatures. Second, Antarctica has two max-
ima in austral temperatures, around 130 and 115ka. Here the early peak (~ 130ka)
could be the result of the adjacent warm Southern Ocean combined with intermediate
insolation. Reduced GHG concentrations at the early last interglacial lower the Antarc-
tic temperatures and cause a single late last interglacial peak warmth at ~ 115Kka.
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Table 1. Scheme of orbital and greenhouse gas forcing applied in the Pl and LIG simulations.
Values follow PMIP3 pre-industrial and last interglacial experimental design. Suffix Gpi refers

to Greenhouse gas levels (G) at pre-industrial (pi) levels.
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Exp. name Orbital parameters Greenhouse gas concentrations
Ecc  ObI[] Peri-180["] CO, [ppm] CH, [ppb] N,O [ppb]
Pl 0.0167 23.45 102.0 280 760 270
115ka_Gpi 0.0414 22.41 110.9 280 760 270
120ka_Gpi 0.0411 23.01 28.0 280 760 270
125ka_Gpi 0.0400 23.80 307.1 280 760 270
125ka 0.0400 23.80 307.1 276 640 263
130ka_Gpi 0.0382 24.24 228.3 280 760 270
130ka 0.0382 24.24 228.3 257 512 239
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Table 2. Sediment cores considered in this study.
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Fig. 1. Zonal mean insolation anomalies for the last interglacial (115ka, 120ka, 125ka and
130ka). (a) annual mean; (b) winter (DJF) mean; (¢) spring (MAM) mean; (d) summer (JJA)
mean; and (e) autumn (SON) mean.
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Fig. 4. Proxy (solid lines) and modelled (dashed and dotted lines) sea-surface temperatures
(SST) for the four core locations. (a) Norwegian Sea core MD95-2010; (b) North Atlantic core
ODP 980; (c) Labrador Sea core EW9302-JPC2; and (d) North Atlantic core CH69-K09. The
dashed lines indicate the modelled last interglacial SST evolution if greenhouse gas forcing
was at the constant level of the pre-industrial. The dotted lines show the lower temperatures
due to reduced greenhouse gas forcing at 125 ka and 130 ka. The boxes and crosses indicated
the modelled SSTs of the month(s) that fits the data best.
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Fig. 5. Modelled August sea-surface temperature (SST) anomaly to pre-industrial (PI). Green
dots indicate the core locations used in this study. (a) 115ka_Gpi-Pl; (b) 120 ka_Gpi-PI;
(c) 125 ka_Gpi-PI; (d) 130 ka_Gpi-PI; (e) 125 ka-PI; (f) 120 ka-PI. (a)—(d) greenhouse gas forc-
ing is fixed to PI; (e), (f) greenhouse gas forcing set to 125 ka and 130 ka, respectively.
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Fig. 6. Zonal mean last interglacial insolation and surface air temperature normalized per
latitude. (a) Winter (DJF) insolation; (b) summer (JJA) insolation; (¢) DJF temperature over
land; (d) JJA temperature over land; (e) DJF temperature over ocean; (f) JJA temperature
over ocean. Excluded are results for latitudes where the insolation varies less than 5Wm™
(Fig. 6a, b) and where the temperature varies less than half of the mean variations (0.7 °C for
Fig. 6¢, d and 0.3°C for Fig. 6e, f).
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