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Water isotope modeling for the last glacial cycle

Joint state-parameter estimation for the Last Glacial Maximum with CESM1.2
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In Short

• This project aims at providing climate reconstruc-
tions for different periods of the last glacial cycle.
Focus is on the direct forward modeling of stable
water isotopes using the Community Earth System
Model (iCESM1.2).

• The simulated anomalies of surface water δ18O
during the Last Glacial Maximum (21 kyr ago)
show very good agreement to reconstructions.

• A long (4000+ years) steady-state run for the Ma-
rine Isotope Stage 3 (38 kyr ago) shows high-
frequency (4-500 yr) oscillations in the strength
of the Atlantic Meridional Overturning Circulation
(AMOC). The model results suggest a strong link
between AMOC strength and patterns of N. At-
lantic ocean temperature changes with precipita-
tion δ18O variability over Greenland.

• Meltwater flux experiments suggest that marine
isotope changes are not only impacted by temper-
ature and circulation changes, but also by direct
meltwater isotope effects.

This compute project is set within the framework
of PALMOD, a BMBF-funded project that seeks to
understand climate system dynamics and variabil-
ity during the last glacial cycle. Our main focus is
the modeling of stable water isotopes, combined
with a comprehensive analysis of reconstructed and
simulated isotope distribution.

The main outcome of this compute project since
the last report was the preparation of transient cli-
mate simulations by running different steady-state
control simulations towards equilibrium, and the anal-
ysis of results and their comparison with extended
proxy databases.

In the previous year we have continued the spin-
up of our pre-industrial (PI) and LGM runs and now
they are adequately equilibrated in terms of sea-
water δ18O at all depth levels. In addition, now we
also have a long (4200 years) steady-state MIS3
simulation.

After the ocean surface water δ18O reached equi-
librium in both control simulations, we have con-
verted the results to δ18O in calcite to compare the
modeled LGM-PI anomalies to a new database de-
rived from observations of calcite shells of planktonic

foraminifera [1]. According to the map shown in Fig.1
the model simulates an enrichment of surface wa-
ter delta values almost everywhere. The particularly
large anomalies in the northern North Atlantic Ocean
are very close to observed values, and the model
performs well at lower latitudes too. There are too
few observations at higher latitudes, but the model
seems to simulate a too large enrichment in the
Southern Ocean. Nevertheless, the model performs
remarkably well in capturing the large-scale patterns
of anomalies as seen on the scatter plot in Fig.1.

Figure 1: Map and scatter plot of simulated LGM-PI anomalies
of surface seawater δ18O in calcite compared to reconstructions
based on planktonic foraminifera.

Our MIS3 control simulation has currently been
spun-up for 4200 years and is well equilibrated at
all depths in terms of ocean temperature and δ18O
on a multi-centennial time scale. On a smaller scale,
however, there are large fluctuations due to an oscil-
lation present in the strength of the circulation in the
Atlantic Ocean.

The oscillations in AMOC strength cause temper-
ature anomalies at different depths in the North At-
lantic Ocean due to the changes in northward heat
transport. An empirical orthogonal function analysis
shows that the main mode of variability in simulated
sea surface temperature time series is character-
ized by a pattern centered in the northern North
Atlantic Ocean (Fig.2a), and the pattern at 1000 me-
ters depth also shows large anomalies in the North
Atlantic (Fig.2b). The principal component time se-
ries of these eigen vectors (blue for SST and black
at 1000 meters) are closely tied to the time series of
AMOC strength represented by its depth in brown in
Fig.2d. This means that the model correctly captures
how the strengthening and deepening AMOC is able
to transport more deep water southwards and more
heat northwards at the surface in the Atlantic Ocean.
This warms the surface at key deep water formation
regions and melts sea ice, both of which change the
stratification and result in a reduction of deep water
formation and thus ultimately the AMOC strength.
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Figure 2: Eigen vectors of selected empirical orthogonal functions of global ocean temperature at the surface (a), at 1000 meters
depth (b), and of δ18O in precipitation (c) in our steady-state MIS3 control simulation. Subplot (d) shows the normalized time series
of AMOC depth at 30°S (brown) and principal component time series of selected empirical orthogonal functions of global ocean
temperature at the surface (blue), at 1000 meters depth (black), and of δ18O in precipitation. AMOC and δ18O series are presented as
10-year running means.

Fig.2c shows the eigen vector of the fifth empirical
orthogonal function of δ18O in precipitation. Although
this pattern explains only 2.9 percent of the total
global variability, its time series in green in Fig.2d
are closely correlated with that of the AMOC strength
and especially SST pattern (with Pearson’s correla-
tion coefficients 0.74 and 0.89, respectively). This
shows that the model results suggest a strong link
between AMOC strength and patterns of North At-
lantic temperature changes with δ18Oprec in precipi-
tation variability. Given that the pattern in Fig.2c is
centered over Greenland, this confirms that the oxy-
gen isotope history recovered from Greenlandic ice
cores is a potentially good proxy for AMOC-related
climate variability during MIS3.

Figure 3: AMOC upper cell strength in a freshwater hosing ex-
periment in blue (0.1 Sv with a δ18OFW of -31‰ over the North
Atlantic) compared to a stable LGM simulation without meltwater
forcing in green (a). Annual mean changes of δ18Oprec for the
simulation period 100-150 years after the start of the freshwater
hosing (b).

In preparation for transient climate simulations,
we have implemented an isotope-enabled meltwater
forcing scheme. An example of its testing is shown in
Fig.3. As opposed to a steady-state LGM simulation
shown in green, when we prescribe a meltwater
forcing of 0.1 Sv over the northern North Atlantic

with a δ18OFW of -31‰, the AMOC strength is greatly
reduced after about 20 years and remains much
weaker. The response of δ18Oprec shown on the
right hand side of Fig.3 also confirms the potential of
δ18Oprec reconstructions in the North Atlantic region
to serve as a proxy for AMOC variability.

These results play a key role in the future of this
compute project, as the steady-state runs will serve
as a control simulation and initial conditions for tran-
sient climate simulations for different periods of the
last glacial cycle.
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