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Introduction
As hypotheses concerning the ori-
gin of abrupt climate change accu-
mulate, there is an increasing need 
to synthesize data and to develop 
methods that may help assess 
their strengths and inconsisten-
cies. Understanding the mecha-
nisms of abrupt climate change is 
particularly challenging because of 
the uncertainties in paleoclimate 
observations and in our knowl-
edge of the physics of the climate 
system. Among the techniques that 
can be used to piece together the 
common elements of noisy ob-
servations given knowledge of a 
system’s physics are so-called “in-
verse methods”. In particular, sto-
chastic inverse modeling provides 
a way to navigate the uncertainties 
in data and models, and deal with 
the possibility of multiple solutions 

(inferences). Most notably, it can 
re-express the problem of abrupt 
climate change in terms of its im-
plications for what we should see 
in observations if models provide 
adequate representation of the pro-
cesses that exist in nature. Here, 
we demonstrate the potential of 
this approach (i) by estimating the 
changes in global sea level implied 
by the combination of a Greenland 
ice core paleotemperature record 
during the last glacial period, with 
a highly simplifi ed model of the 
buoyancy-driven ocean circula-
tion, and (ii) by comparing these 
changes to reconstructions of 
global sea level during this period. 
The comparison provides a test of 
the consistency between the vari-
ous datasets and a test of the hy-
pothesis of a freshwater forcing of 
abrupt climate change.

Freshwater forcing hypothesis
The freshwater forcing hypothesis 
to explain abrupt climate change 
involves changes in the freshwater 
supply to the North Atlantic Ocean 
through instabilities of the large 
continental ice sheets that covered 
the high northern latitudes during 
the last glacial period. A key part 
of this hypothesis is the capability 
of the ocean meridional circulation 
and of the attendant poleward heat 
fl ux to suddenly switch state and 
hold the climate system in a new 
state for hundreds to thousands of 
years. This possibility is suggested 
by a hierarchy of ocean models 
that exhibit multiple equilibria of 
the meridional circulation and that 
demonstrate the potential of sur-
face freshwater forcing to initiate 
transitions between the equilibria. 
Thus, a hysteresis exists within 

continuation of a long-term warm-
ing. However, the warming appears 
to have been accelerated towards 
the present day.

Integration of the complementa-
ry information greatly improves the 
comparability of the reconstructed 
temperatures and the Crowley 
(2000) radiative forcing history (Fig. 
2). Analysis of the reconstructed 
temperature and radiative forcing 
series offers an independent esti-
mate of the transient climate-forc-
ing response rate of 0.4 - 0.7 K per 
Wm-2 and predicts a temperature 
increase of 1.0-1.7 K in 50 years 
(Huang, 2004).

Discussion
It is worth pointing out that the 
integrated reconstruction is not a 
simple superposition of the high 
frequencies of the multi-proxy re-
construction on the lower frequen-
cies of the borehole reconstruction. 
The integrated reconstruction con-
solidates information given in the 
subsurface temperature data and in 

the a priori model. For the 20th cen-
tury, where the a priori multi-proxy 
model is well trained by the mete-
orological record, little alternation 
is made through the inversion. At 
very long periods, the subsurface 
temperature data provide informa-
tion that is weak or absent in the 
multi-proxy reconstruction. At in-
termediate periods both the a priori 
model and subsurface data provide 
important constraints.

The improvement in the com-
parability between climate recon-
struction and the radiative forcing 
series is a validation of the climate 
information integration strategy. 
The good agreement between the 
integrated reconstruction and the 
forcing model confi rms that there 
are both natural and anthropogenic 
factors infl uencing the recent warm-
ing.
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NOTE

The time series of this integrated recon-
struction can be downloaded from www.
ncdc.noaa.gov/paleo/pubs/huang2004.
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Figure 1: Inverse modeling of abrupt climate change: A) equilibrium sensitivity of three models to freshwater forcing of the North Atlantic, B) B) B
freshwater forcing history required to match Greenland data, C) model reconstructions of Greenland data, and C) model reconstructions of Greenland data, and C D) effect of freshwater forc-D) effect of freshwater forc-D
ing on sea level as compared to observations with estimates of uncertainty.

these models, such that multiple 
circulation strengths occur for the 
same rate of freshwater supply to 
the high latitudes. The freshwater 
hypothesis is apparently support-
ed by the observation of ice rafted 
debris in North Atlantic sediments 
during the cold phases of abrupt 
climate change. Records of global 
sea level, which provide an inte-
grated measure of the freshwater 
forcing history, would provide an-
other test for this hypothesis.

Uncertain physics
Among the major uncertainties 
in numerical models of the ocean 
circulation is the representation 
of sub-grid scale phenomena. The 
most common assumption is that 
the transport of properties such as 
momentum, heat, and salt at small 
scales acts as a diffusion of these 
variables at large scales that is ef-
fectively resolved by the models. 
Most notably, the issue of the rep-
resentation of small-scale vertical 
mixing is gaining a lot of attention, 

following a claim that this mixing 
may actually force the meridional 
circulation and its attendant heat 
flux (Munk and Wunsch, 1998). 
According to a scaling theory of 
the oceanic thermocline based 
on various approximations in the 
equations of motion, different as-
sumptions about vertical mixing 
leads to a qualitatively different 
response of the meridional circu-
lation to the surface freshwater 
forcing (Fig. 1a). The assumptions 
considered are representative of 
the range of what is physically 
justifi able, including mixing rep-
resented with constant vertical 
diffusivity, stability-dependent dif-
fusivity, and fi xed mixing energy. 
The solutions are generated from 
a 4-box model of the global meridi-
onal circulation, thereby extending 
the single-hemisphere model study 
of Nilsson and Walin (2001).

Bayesian stochastic inversion
For each of the three mixing rep-
resentations, we use a method of 

“Bayesian Stochastic Inversion” 
(Jackson et al., 2004) to estimate 
the time evolution of freshwater 
forcing (Fig. 1b) that permits each 
model to reproduce the Greenland 
ice core record between 39-30 ka 
BP (Fig. 1c). The method works by 
randomly guessing the freshwa-
ter forcing for 81 evenly spaced 
points along the 9 kyr interval and 
using information about the effects 
of this guess on model-data mis-
match to guide subsequent forcing 
histories. This process is repeated 
multiple times and the statistics 
of the results are collected. Thus, 
solutions may be represented by 
a multi-dimensional probability 
distribution indicating the relative 
likelihood, the uncertainties, and 
the dependencies of the different 
quantities that are inferred from 
the original data. Illustrated in 
Figure 1b-c are the optimal (most 
likely) solutions that provide the 
minimum mismatch between the 
data and the model.
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Introduction
Ombrotrophic peatlands, particu-
larly “raised bogs”, comprise a rich 
but underutilized source of Holo-
cene paleoenvironmental records 
for North America. These peatlands, 
which are scattered from the Atlan-
tic to the Pacifi c coasts at latitudes 
between 42° and 65°N, are domi-
nated by Sphagnum moss and a 
few vascular plants, have elevated 
surfaces, and receive all surface 
moisture directly from the atmo-
sphere. Water tables of these bogs 
are perched above the groundwa-
ter table, and most water loss is 
through evapotranspiration. Ac-
cordingly, ombrotrophic bogs are 
hydrologically sensitive to precipi-

tation and temperature variations 
across a range of temporal scales, 
from seasonal to millennial. 

Sedimentary records from 
ombrotrophic peats can span 
1000-10,000 years, with temporal 
resolution ranging from sub-cen-
tennial to sub-decadal depending 
on accumulation rates. A variety 
of paleoenvironmental proxies, 
including testate-amoebae, peat 
humifi cation, pollen, plant macro-
fossils, charcoal, stable isotopes 
(H, C, O), and biomolecular mark-
ers, are preserved in these peats. 
We are conducting a study of all 
of these proxies in late Holocene 
peats from raised bogs along a 
transect spanning the Great Lakes/

St. Lawrence corridor, from Min-
nesota to Maine. We are coupling 
these paleoclimate reconstructions 
with extensive modern calibration 
studies and investigations of his-
torical climate variability. These 
studies are leading to detailed mul-
tivariate climatic reconstructions 
and development and testing of 
hypotheses regarding the under-
lying climate dynamics.

Peatland records of drought 
synchrony in the Central 
United States
Peat records from sites 1000 km 
apart in north-central Minnesota 
(Hole Bog) and southeastern Mich-
igan (Minden Bog) span the past 

Inversion results and 
implications
The global sea level variations 
implied by the freshwater forcing 
histories for the three different 
mixing formulations are nearly 
identical; each showing a drop of 
~15 m during the prolonged ~3 kyr 
warm phase starting around 38 ka 
BP or model year 1000. The sub-
sequent sequence of warm-cold 
phases (between 35-30 ka BP) is 
associated with ~5 m variations in 
sea level. The timing and amplitude 
of these sea level variations are not 
inconsistent with two independent 
reconstructions, given their uncer-
tainties (Thompson and Goldstein, 
in press; Waelbroeck et al., 2002). 
Although the relatively large uncer-
tainties preclude a solid conclusion, 
the comparison illustrates the level 
of accuracy that is necessary for a 
more stringent test of the freshwa-
ter hypothesis from the sea level 
record. Furthermore, these results 
highlight the potential importance 
of ice sheet growth in maintaining 
a negative high latitude freshwater 
balance for the phases of sustained 
warmth, with the length of the warm 

phases being directly related to the 
amplitude of the sea level fall. 

The striking similarities among 
the three mixing formulations may 
be surprising considering the very 
different steady state response of 
each model to freshwater forcing 
(Fig. 1a). We fi nd that the processes 
governing the model’s transient re-
sponse to freshwater forcing to be 
initially very similar and only be-
gin to diverge after a few hundred 
years. In all cases, the imposition of 
a high latitude freshening reduces 
meridional density gradients and, 
hence, the strength of the meridi-
onal circulation with changes in 
vertical mixing lagging. A more 
thorough examination of the causes 
of this similarity is being investi-
gated.

Conclusion
This stochastic inverse model ex-
ercise suggests that the freshwater 
forcing hypothesis of abrupt climate 
change is consistent with the most 
direct estimates of past sea level, 
assuming that (i) our interpretation 
of the Greenland record in terms 

of temperature changes in the high 
northern latitudes is correct, and (ii) 
the highly simplifi ed model we have 
used captures the relevant physics. 
This consistency does not depend 
on the formulation of vertical mix-
ing in the model. Whether more 
complete models are sensitive to 
the formulation of vertical mixing 
in their transient response to high 
latitude freshening warrants further 
investigation.
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