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Abstract. The last interglacial (Eemian, 125,000 years ago) has generally been considered the warmest time 
period in the last 200,000 years and thus sometimes been used as a reference for greenhouse projections. Herein 
we report results from a coupled ocean-atmosphere climate model of the surface temperature response to changes 
in the radiative forcing at the last interglacial. Although the model generates the expected summer warming 
in the northern hemisphere, winter cooling of a comparable magnitude occurs over North Africa and tropical 
Asia. The global annual mean temperature for the Eemian run is 0.3øC cooler than the control run. Validation 
of simulated sea surface temperatures (SSTs) against reconstructed SSTs supports this conclusion and also the 
assumption that the flux correction, fitted for the present state, operates satisfactorily for modest perturbations. 
Our results imply that contrary to conventional expectations, Eemian global temperatures may already have been 
reached by the mid 20th century. 

1. Introduction 

The last interglacial (Eemian; 125 ka) has generally 
been considered the warmest time period of the last 
200,000 years [Kellog, 1977; Hansen et al., 1988; Budyko 
and Izrael, 1990; Zubakov and Borzenkova, 1990]. In 
addition to widespread evidence for warmth, global sea 
level may have been 6 m higher than at the present 
[Mesolella et al., 1969; Bloom et al., 1974; Ku et al., 
1974; Dodge et al., 1983]. Estimates of global temper- 
ature increase for the Eemian range from 0.5 ø to 2.0øC 
greater than the present level. The high end of these 
estimates is comparable to the most recent best guess 
estimate [Houghton et al., 1996] of the global temper- 
ature increase near the end of the next century by the 
Intergovernmental Panel on Climate Change (IPCC). 

However, assessments of global sea surface temper- 
ature (SST) estimates for the last interglacial [Cli- 
mate: Long-Range Investigation, Mapping, and Predic- 
tion (eLIMAP) Project Members, 1984] suggest that 
values were not significantly different from present ones. 
This is consistent with energy balance model calcu- 
lations [Crowley, 1990] and observations [Barnola et 
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al., 1987], indicating that CO•. levels were not sig- 
nificantly higher than in the Holocene and that on 
average, orbital insolation forcing causes only small 
changes in net global insolation receipt. The reason 
why the widespread evidence for warming did not trans- 
late into higher global average temperatures is because 
of seasonal and geographic biases in proxy climate in- 
dices (e.g., vegetation may be more sensitive to summer 
warming due to Milankovitch forcing, whereas in the 
winter, plants are almost dormant) and because the tim- 
ing of peak warmth was not synchronous in all regions; 
for example, peak warming in southern and northern 
hemisphere records is almost 180 ø out of phase in some 
sectors [Crowley, 1990]. 

Despite prior work, conclusions about last interglacial 
warmth remain open to challenge. To address this prob- 
lem further, we have used a coupled ocean-atmosphere 
general circulation model (GCM) to simulate climatic 
conditions at the Eemian. Although there have been a 
few attempts to model the climate of this epoch [Prell 
and Kutzbach, 1987; Crowley and Kim, 1994; de No- 
bler et al., 1996], to our knowledge this has not yet 
been done with a coupled GCM. In the subsequent sec- 
tions we describe the climate model and boundary con- 
ditions used in this experiment, study the change in 
surface temperature, and compare the simulated and 
CLIMAP reconstructed change in SST. We focus ex- 

170 



MONTOYA ET AL.: MODELING THE LAST INTERGLACIAL 171 

clusively on changes of surface temperature; the exam- 
ination of other fields is beyond the scope of this paper 
and is part of a more complete description of the exper- 
iment which is in preparation. 

2. Model Description 

The climate model used in this experiment (hereafter, 
the Eemian experiment) is the ECHAM-1 T21/LSG 
coupled GCM, which has been described by Cubasch 
et al. [1992] and used in several climate change ex- 
periments [Bakan et al., 1991; Cubasch et al., 1992, 
1994]. The atmospheric component (ECHAM-1) is a 
low resolution version of the numerical weather forecast- 

ing model of the European Centre for Medium Range 
Weather Forecasts which has been modified in Ham- 

burg for climate simulation purposes [Roeckner et al., 
1992]. It is a spectral model with a horizontal resolu- 
tion given by a triangular cutoff at zonal wave num- 
ber 21 (T21) which is transformed into a Gaussian grid 
of about 5.625 ̧ and a vertical hybrid a-p coordinate 
system with 19 levels. The oceanic component is the 
large scale geostrophic (LSG) model [Maier-Reimer et 
al., 1993]. It has 11 variably spaced levels in the ver- 
tical and two overlapping 5.6 ̧ x 5.6 ̧ horizontal grids 
corresponding to an effective grid size of 4 ̧ which are 
interpolated onto the Gaussian grid used in ECHAM- 
i T21. The atmospheric and oceanic components are 
coupled synchronously with a flux correction in order 
to minimize a climate drift of the coupled system away 
from the climatologies simulated by the uncoupled mod- 
els [Sausen et al., 1988]. The validation of model results 
against an independent data set from a different climate 
state can be used as one test of the validity of the flux 
correction procedure, which has been criticized when it 
is employed in greenhouse runs. 

3. Boundary Condition 

In the Eemian experiment the ECHAM-1 T21/LSG 
climate model was integrated for 510 years starting at 
year 600 of a control experiment, which is our defini- 
tion of the present. Boundary conditions of the Eemian 
experiment differ from those of the control run in two 
ways (Table 1) (the proposed 6 m sea level rise for the 
Eemian results in negligible changes in the model land- 

sea grid). First, the Earth's orbital parameters have 
been set to their values at 125 ka [Berger, 1978]. The 
greater obliquity and eccentricity and the fact that peri- 
helion occurred in northern hemisphere summer (rather 
than winter, as today) caused an amplification (reduc- 
tion) of the seasonal cycle of insolation in the northern 
(southern) hemisphere. Second, the CO2 concentration 
in the Eemian experiment has been set to 267 ppmv. 
This value is slightly lower than the mean CO2 levels 
for the Eemian as estimated from ice core measurements 

(• 270-275 ppmv)[Barnola et al., 1987], but the dif- 
ference in terms of radiative forcing is small enough 
to consider the effect negligible. Our run should be 
considered as indicative of mid-Eemian conditions: al- 

though the standard oxygen isotope chronology [Imbrie 
et al., 1894] for the last interglacial places 125 ka at th e 
very end of the major deglaciation preceding the inter- 
glacial, high-precision uranium series dates from coral 
reef terraces [Edwards et al., 1987; Chen et al., 1991; 
Gallup et al., 1994] and deep-sea sediments [Slowey et 
al., 1996] suggest that the age of the last interglacial is 
• 120- 130 ka. 

The precession of the equinoxes and the change in ec- 
centricity lead to the dilemma that equal dates at 125 ka 
and present do not correspond to the same value of the 
celestial longitude (• (angle measured from the vernal 
equinox). Therefore it may make no sense to compare 
monthly or seasonal mean fields of both experiments 
[Kutzbach and Gallimore, 1988; Jossaume and Bracon- 
not, 1997]. Since our interests focus on summer and 
winter mean fields, we have considered the orbit of the 
Earth [Monin, 1986] to redefine northern hemisphere 
summer and winter at 125 ka as those periods which cor- 
respond to the same interval in q, as the present June- 
July-August and December-January-February, namely, 
as periods between days 150 and 231 and days 320 and 
59, respectively, in our 360 day model. The shorter sum- 
mer and longer winter at 125 ka are due to the fact that 
at this epoch, perihelion occurred in northern summer 
rather than in northern winter as today. Our results 
show that in the case of surface or near-surface temper- 
atures the difference between strict seasonal means and 

our redefined summer and winter means is small com- 

pared to the actual difference fields between the Eemian 
and the present. 

Table 1. Boundary Conditions 

CO2, ppmv Eccentricity Obliquity, deg. Angle of Perihelion, deg. 

Control run 330 
125 ka 267 

0.017 23.45 282.16 
0.040 23.79 127.27 
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Figure 1. Time series of the annual mean globally averaged near-surface (2 m) temperature for the 

4. Results 

4.1. Description of Model Run 

The temporal evolution, the time-mean states, and 
the variations of the quasi-stationary atmosphere-ocean 
system in the control run have been analyzed in previ- 
ous works [Cubasch et al., 1992; yon $torch, 1994; yon 
$torch et al., 1997]. Both the control and Eemian run 
are quasi-stationary with respect to surface and near- 
surface temperature approximately from years 450 and 
750, respectively (Figure 1). The strong drift shown by 
the near-surface temperature in the control run in the 
first years subsequent to the coupling is caused by the 
drift of sea ice, which, in turn, is related to the simplified 
sea ice model and the applied flux correction [Cubasch 
et al., 1994; yon $torch et al., 1997] and is also mani- 
fested in a drift of the globally averaged temperature of 
the upper layers of the ocean (not shown). This drift 
ends after ~ 450 years, when the atmosphere, sea ice, 
and upper ocean reached quasi-stationary equilibrium. 
In the Eemian run the globally averaged temperature 
of the upper layers of the ocean has not completely 
reached equilibrium after 510 years, but the trend is 
below -0.1øC/400 years at all levels down to 1000 m 
depth. The situation in the deep ocean is different, 
where a nearly constant trend in globally averaged tem- 
perature is found in both the Eemian and the control 
run. A possible reason for this drift would be that the 
deep ocean had not reached equilibrium before its cou- 
pling to the atmosphere model Iron $torch et al., 1997]. 

We consider differences in simulated mean seasonal 

and annual surface temperatures (Eemian minus con- 
trol run) averaged over 300 years at the end of the 
Eemian run (Plates la-lc). These differences reflect, 
in large part, the expected changes due to the am- 
plification (reduction) of the seasonal cycle of insola- 
tion in the northern (southern) hemisphere. In north- 
ern summer (Plate la), there is an overall increase of 
the surface temperature in the northern hemisphere 
over land except for cooling of as much as 2ø-3øC in 
some regions in central Africa and south Asia that are 

related to enhanced precipitation in these areas (not 
shown). As Kutzbach et al. [1996] have demonstrated 
that vegetation/soil feedbacks can modify the precip- 
itation response in such regions, the potential for ad- 
ditional cloudiness/temperature changes in the Sahara 
may further modify the response we obtain. 

Maximum surface temperature increases above 4 ø- 
5øC occur in the centers of the continents (North Amer- 
ica, North Africa, central Europe, the Middle East, and 
Siberia). The warming is approximately the same as 
that found in an atmospheric general circulation model 
(AGCM) experiment with prescribed SSTs [Prell and 
Kutzbach, 1987] and an energy balance model calcu- 
lation [Crowley and Kim, 1994] but slightly less than 
that obtained by Harrison et al. [1995]. By contrast, 
modeled northern hemisphere summer SSTs show en- 
hancements below 1øC. These different results reflect 

the significant increase in northern hemisphere summer 
insolation and the different heat capacities of land and 
ocean. For the same period in the southern hemisphere, 
surface temperature increases in the centers of the sub- 
tropical continents (South America, South Africa, and 
Australia), while SSTs show a slight cooling. This re- 
sponse reflects the fact that even at 30øS, northern 
hemisphere summer insolation during the Eemian ex- 
ceeds the present by about 21 W/m 2 (Figure 2a), and 
this difference is again manifested on land because of 
the different heat capacities of land and ocean. 

In the northern winter (Plate lb), warming up to 4øC 
takes place in high northern latitudes (North America 
and the Arctic Ocean). This warming reflects a de- 
crease in sea ice thickness and extent due to enhanced 

summer insolation and is also smaller than that mod- 

eled by Harrison et al. [1995] (warming up to 8øC in 
the Arctic). However, their response could be unrealis- 
tically large because the lack of a dynamic ocean model 
leads to too large a sea ice cover in the Norwegian Sea 
in their control run. 

Surface temperatures show a slight cooling in north- 
ern winter, which is enhanced south of 30øN. Extreme 
cooling with differences > 3øC occurs mainly in south 
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Figure 2. Zonally averaged incoming insolation departures 
at the Eemian with respect to the present for (a) north- 

(b 
W/m2). In figure 2c the dashed line shows the zonally aver- 
aged mean annual surface temperature differences (Eemian 
minus control run) in degrees Celsius. 

Asia and central and North Africa. Again, this very 
large cooling reflects the facts that the northern hemi- 
sphere summer insolation increases in the Eemian are 
more or less offset by significant decreases in winter in- 
solation and that the difference in heat capacity be- 
tween land and sea amplifies the response between land 
and sea. The effect is most pronounced in low latitudes 
because of the larger amount of radiation in the trop- 
ics. The large-scale pattern on land again reflects the 
linear energy balance modeling results for the last in- 
terglacial (S.-J. Kim and T. J. Crowley, unpublished re- 
sults, 1997). The Mediterranean Sea shows strong cool- 

ing in summer and heating by almost the same amount 
in winter. This may be due to the fact that it is closed 
according to the topography of the climate model; for 
this reason we do not further discuss the results from 

this region. 
Simulated seasonal changes almost cancel out in the 

annual mean (Plate lc). Surface temperatures show 
little change, especially SSTs. Over land, surface tem- 
peratures increase significantly for some points at high 
northern latitudes but decrease in central Africa and 

south Asia. These results are consistent with land 

records from Europe which suggest that slightly higher 
mean temperatures existed in the Eemian [van der 
Hammen et al., 1971; Woillard, 1978] and also with 
oceanic evidence suggesting that the ocean at the last 
interglacial was generally similar to the present, al- 
though conditions might have been slightly warmer in 
parts of the North Atlantic and North Pacific [Rud- 
diman and Mcintyre, 1976; Crowley, 1981; CLIMAP 
Project Members, 1984]. 

The zonal mean annual temperature response (Fig- 
ure 2c) indicates warming north of • 30øN and slight 
cooling south of that point. The zonal mean response in 
highest latitudes may reflect the 2 W/m?. difference in 
forcing due to obliquity changes, which are symmetric in 
both hemispheres. Because sensitivity to mean annual 
changes is about an order of magnitude greater than 
sensitiv/ty to seasonal changes [North et al., 1984] and 
2 W/m ?' is comparable to the ice age CO?. radiative per- 
turbation, the perturbation in highest latitudes could 
have a significant climate effect. However, the SST re- 
sponse between 70øN and 70øS departs from the near 
linearity of the response of the seasonal temperature 
field on land and indicates changes in either ocean heat 
transport or clouds as likely explanations. In-depth 
analyses of these fields will be presented in the paper 
now under preparation that describes the responses of 
these and other model fields. 

Despite the large seasonal changes the simulated 
mean global average temperature change is very small. 
The change in mean globally averaged near-surface (2 
m) temperature (Eemian run minus control run) is 
AT0 = -0.32øC; that is, we obtain a decrease of 0.32øC 
at the Eemian with respect to the control run. This re- 
sult is to be expected because of the small difference 
in mean annual insolation (0.23 W/m?.) and the fact 
that the CO?. concentration at the Eemian was lower 

Plate 1. Mean surface temperature changes (Eemian minus control run) for (a) northern hemisphere 
summer, (b) northern hemisphere winter, (c) annual mean (300-year averages; from 801 to 1100), and (d) 
Climate: Long-Range Investigation, Mapping, and Prediction (CLIMAP) Project Members minus model- 
simulated sea-surface temperature (SST) anomalies (difference between Eemian and present summer and 
winter average SSTs) at CLIMAP core locations (blue indicates that the CLIMAP anomaly is colder 
than predicted by the model; red indicates that it is warmer; green indicates that there is no significant 
difference at 1-a level (in degrees Celsius)). 
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than for the control run. A local t test was applied to 
individual points and showed that differences in mean 
surface temperatures (seasonal and annual mean) are 
statistically significant at the 5% significance level at 
almost all points (not shown). 

4.2. Comparison With Observations 

We have tested the climate model's response against 
the CLIMAP Project Members [1984] SST field. Al- 
though the CLIMAP SST fields for the last glacial max- 
imum have been challenged on a number of grounds 
[e.g., Guilderson et al., 1994], the general similarity 
of the last interglacial and the present biota suggests 
that the transfer function technique can be applied with 
more confidence to the last interglacial. We compared 
simulated and CLIMAP SST anomalies (Eemian mi- 
nus present mean SSTs, which are estimated by aver- 
aging winter and summer SSTs at each epoch) only at 
those sites, discretized as in the climate model, where 
CLIMAP cores are located. Since the informational 

value of a grid box value is somewhat questionable [von 
Storch, 1995], making use of simulated SSTs at single 
grid points is of limited value. Moreover, the size of the 
area represented by a single grid point is larger than 
that of a core. These problems are usually dealt with 
by the use of dynamic and empirical downscaling [Zorita 
and von Storch, 1997]. However, in our case this is pre- 
cluded by the lack of observational data and regional 
climate model capabilities. 

Core top estimates (instead of present SST data) were 
chosen as modern CLIMAP SST estimates. In this 

way systematic errors in SST estimates cancel out when 
computing the anomalies. This forced us to select those 
cores for which such estimates exist (a total of 41). At 
those cores where a biotic census for different faunal 

groups exists we took the average of the SST estimates 
for all of them. Errors for the CLIMAP reconstructed 

SST anomalies were calculated from the standard errors 

of seasonal estimates. These represent a lower estimate 
of the total uncertainty in the SST estimates since they 
only include transfer function errors which are between 
1ø-2øC with an average value of 1.5øC. 

While the control run is representative of the mid 
to late 20th century (CO2 levels of 330 ppmv were 
reached about 1960), the core tops represent average 
climatic conditions of the last circa 1500 years: the 
core tops have been regressed against SST data sets 
approximately representative of 1960 [CLIMAP Project 
Members, 1976], that is, a time interval that was proba- 
bly warmer than the mean value for the last 1500 years. 
Even though there is a slight bias in this regression, uti- 
lization of the same regression for the'Eemian maintains 
the same bias for that time interval, so the CLIMAP 
reconstructed SST anomalies represent differences with 
respect to the average conditions of the last 1500 years. 

In order to define the same reference interval for the SST 

simulated anomalies the latter must be adjusted by the 
calculated CO2-induced temperature warming between 
preindustrial and mid 20th century levels (• 0.3øC) 
[Houghton et al., 1996]. 

On a point-by-point basis the model agrees with the 
observations within 1 standard deviation for 63% of 

the cores (Plate ld) and within 2 standard deviations 
for 92% of them. Large differences between the cli- 
mate model and observations primarily occur in re- 
gions along eastern boundary currents and subtropi- 
cal/subpolar frontal zones. These differences could re- 
flect inadequacies in the model both in terms of physics 
and resolution (e.g., problems in the simulation of sea 
ice, strong gradients in these regions which are not re- 
solved by the model, etc.), but they may also be an 
indication of problems with transfer functions in such 
regions [ CLIMAP Project Members, 1984; Ravelo et al., 
1990], long timescale (• 2000 years) leads and lags in 
the climate system that are not captured by an equi- 
librium simulation [CLIMAP Project Members, 1984; 
Crowley, 1990], or nonsynchronous stratigraphic picks, 
bioturbation, dissolution, and a possible biasing of some 
samples by a brief 290 ppmv CO2 excursion in the early 
Eemian [Barnola et al., 1987]. 

The overall mean anomalies for the model (adjusted), 
calculated over the CLIMAP sample locations, and for 
the observations are 0.04øC and 0.19øC, respectively. 
These values agree within the pooled error of the SST 
CLIMAP anomaly (0.22øC). Therefore, in mean terms 
the results of ..the climate model are indistinguishable 
from the CLIMAP data, and both of them indicate that 
within the uncertainty of the sampling, the data, and 
the model, Eemian values had already been reached by 
the mid 20th century. 

To address the potential bias in global temperatures 
due to the small size of the samples used in the compar- 
ison, we have compared the mean simulated anomaly 
over grid points containing CLIMAP cores with the 
globally averaged simulated anomaly. The unadjusted 
(adjusted) mean simulated temperature anomaly based 
on the 41 CLIMAP sample locations is -0.26øC 
(0.04øC), which is very close to the change in mean 
global SST of-0.30øC (0.00øC) and to the change in 
winter and summer global means of-0.14øC (0.16øC). 
This close agreement supports arguments [Shen et al., 
1994] that even relatively sparse data sets can some- 
times yield accurate estimates of the global mean. In 
fact the good agreement with the sparse data set was 
obtained with a sampling density about two-thirds that 
estimated by Shen et al. [1994] and with a non-optimal 
data distribution. The good correlation occurs because 
there is a very high correlation (0.91) between the sim- 
ulated zonally averaged SSTs in the Atlantic and the 
Pacific, the latter basin of which is significantly less 
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sampled than the Atlantic. This high correlation re- 
flects the zonal nature of the insolation perturbation. 

The above exercise therefore suggests that although 
some regions may have had warmer temperatures in 
the Eemian than the present, there are compensating 
changes elsewhere, with the net effect being only mi- 
nor changes in global average temperature. The exer- 
cise also pinpoints regions that could be the subject 
of further modeling studies, for example, regions of 
the midlatitude northern hemisphere where paleo data 
are slightly warmer than the climate model [Terasmae, 
1960; van der Hammen et al., 1971; Woillard, 1978; 
Miller et al., 1983; de Vernal et al., 1986, MacCracken 
et al., 1990; Mangerud and $vendsen, 1992; Pons et al., 
1992; Guiot et al., 1993]. Note that the stratigraphic 
position of some of these sites are still open to question. 

5. Discussion and Conclusions 

To summarize, our results show significant changes 
in mean seasonal (winter and summer) simulated sur- 
face temperatures during the Eemian with respect to 
the present. Such changes are due to the different or- 
bital parameters which translate into an amplification 
of the seasonal cycle during the Eemian, modulated in 
each hemisphere by the asymmetric landmass distribu- 
tion and the date of perihelion. Seasonal changes are, 
in large part, compensated when we consider annual 
mean surface temperature changes, which also reflect 
the previous asymmetries. 

Our results suggest that the control run, which is rep- 
resentative of the mid to late 20th century, is already 
warmer than the Eemian in terms of globally averaged 
temperature by 0.32øC. This result should not be sur- 
prising since the difference in terms of orbital forcing 

is very small and the CO2 level in the Eemian is lower 
than the control run and mid 20th century observa- 
tions. However, fuller comparison of the Eemian with 
the present will eventually require inclusion of the ef- 
fects of vegetation changes [Harrison et al., 1995] on 
global temperatures. Although the very large vegeta- 
tion changes during the last glacial maximum some- 
times resulted in regional temperature changes of sev- 
eral degrees, global temperatures varied < 0.2øC [Crow- 
ley and Baum, 1997]. We would not expect future as- 
sessments of Eemian vegetation on temperature to differ 
greatly from this number. We therefore anticipate that 
our conclusions about the stability of Eemian global 
temperatures (with respect to the present) will be ro- 
bust. 

Finally, surface temperatures might, in turn, be con- 
strained by the flux correction procedure used. This is 
an open question which cannot be answered until atmo- 
sphere and ocean models are improved to the point that 
flux correction terms are not needed in their coupling. 
However, the very fact that the model calculations with 
flux correction agree with an independent data set is one 
line of evidence in support of the assumption that the 
use of the flux correction for modest perturbations from 
the basic state is valid. 
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