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[1] While isotope records from ice cores are known to reflect temperature, this must
be associated with zonally symmetric circulation. A new conceptual depiction of

the isotopic cycling is established by considering the overturning circulation in
isentropic coordinates. In this depiction, poleward transport of air and water vapor is
non-diffusive, in a way that is similar to that depicted by Rayleigh models.
However, the equatorward return flow is also important since it is this which is
supplied with water by surface evaporation. The isotopic state emerges as a balance
between evaporative supply and poleward advection, and removes the need to
assume some initial source condition for an open distillation. Model experiments that
simulate a wide range of circulation strengths show the isotopic composition of
Antarctic snow is strongly linked to the strength of midlatitude (eddy driven)
circulation, which in turn is driven by meridional temperature differences. Antarctic
isotopes are largely independent of the tropical (Hadley) circulation because the rate of
advective transport from the tropics to the polar region exceeds the rate at which
surface sources replenish the poleward moving air stream. Across all simulations and
between seasons, the relationship between 6'°0 in Antarctica above 1500 m and
local surface air temperature is found to be remarkably robust at around 0.69%0/K in
winter, 0.85%0/K in summer and with a seasonal slope of 0.60%0/K. Because these
slopes result from changes in circulation, isotope records from the continent interior
can be considered indicative of the history of overturning circulation.
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1. Introduction

[2] The isotopic composition of ice from glaciers and ice
sheets has been used successfully to deduce changes in
climate on a variety of timescales [e.g., Epstein et al., 1963;
Peel et al., 1988; Andersen et al., 2004; Stenni et al., 2004].
While it is conventional to interpret isotopic variations at
high latitudes in terms of temperature, it is generally
recognized that this is overly simplistic and other
effects—such as seasonality, source region distribution
and systematic change in large-scale circulation patterns—
can also affect the isotopic state in ways that are inconsistent
with simple single-parameter reconstructions [e.g., Jouzel et
al., 1997; Krinner et al., 1997; Werner and Heimann, 2002;
Jouzel et al., 2003; Brown and Simmonds, 2004]. Linking
the isotopic composition to the large-scale atmospheric
circulation, Noone and Simmonds [2002b] showed that a
large fraction of the interannual isotope signal from inland
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Antarctica is associated with variations in the water vapor
transport in the region of the Southern Hemisphere storm
track, and these changes coincide with variations in the
Southern Annular Mode (SAM). Indeed, Schneider and
Noone [2007] show this same association exists on decadal
timescales if not longer. Changes in the storm track are
representative of not only mean baroclinicity and storm
activity but also of position and strength of the midlatitude
westerly jet. As such variability that has an annular-like
pattern is linked to changes in the hemispheric overturning
circulation because of the requirements that conservation of
westerly momentum and heat in this region impose. How
changes in the overturning circulation are reflected in the
isotopic composition of Antarctic snow is of concern here.

[3] There is some ambiguity in the role played by the
tropical circulation in water transport to Antarctica.
Evidence for a transport pathway from the tropics to
Antarctica was found by Alexander et al. [2003] in the form
of gas phase sulfur isotope anomalies, but it is unclear that a
species with a short residence time, such as water, should
significantly reflect this same transport pathway. Indeed a
tropical water source largely disagrees with glaciological and
model estimates that give a midlatitude source of Antarctic
water [Bromwich and Weaver, 1983; Johnsen et al., 1989;
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Schematic depiction of three alternate views of hemispheric isotope cycling. (a) A Lagrangian

(“Rayleigh”) distillation has continual rainout of heavy isotopes en route from some initial vapor; (b) a
one-dimensional steady state is formed as a balance between rainout, evaporation and lateral dispersion
due to eddies; and (c) a two-stream quasi-steady model has rainout in the mostly non-diffusive poleward
branch, evaporation into a lower equatorward branch, and turbulent exchange providing vertical transport

of water vapor between branches.

Koster et al., 1992; Delaygue et al., 2000; Werner et al.,
2001; Noone and Simmonds, 2002b]. Nonetheless, it is
plausible that a change in the circulation of the tropics can
modify the circulation at higher latitudes, and thus lead to a
tropical signal in the isotopic composition of polar snow even
though the origin of the water may still be at midlatitudes. As
a case in point, it is well established that there are some parts
of the Antarctic ice sheet where accumulation correlates with
variations in the mostly tropical E1 Nino-Southern Oscillation
[Bromwich et al., 2000; Fogt and Bromwich, 2006], and that
these are reflected also in ice core isotope records [Gregory
and Noone, Variability in the teleconnection between the
El Nino-Southern Oscillation and West Antarctic climate,
submitted to Journal of Geophysical Research, 2007;
Schneider and Noone, 2007], because of large-scale reorga-
nization of the hemispheric circulation during warm and cold
phases rather than a simple equatorward shift in the water
source. Further, studies that suggest isotopic evidence of a
cooler tropics during glacial times are not inconsistent with
weakened tropical circulation [Boyle, 1997; Charles et al.,
2001]. Detailed analysis of this possible dynamic linkage
requires effective separation of the large-scale flow into that
due to the mostly tropical zonal mean circulation and that of
the midlatitude eddies.

[4] Kavanaugh and Cuffey [2003] used a zonally and
vertically integrated form of the water vapor and isotope
mass budget equations to partition the isotope signature into
an “advective” versus ‘“diffusive” component—the differ-
ence being that advective transport represents a spatial
translation while diffusive transport tends to homogenize
tracer fields through mixing. While this approach yields
the conceptually satisfying result that lateral (diffusive)
mixing (nominally provided by eddies) is separate from
the (advective) mean flow, it is limited because of neglect of
two important features of the circulation: 1) midlatitude
eddies contribute not only to lateral mixing but also the
(non-diffusive) mean overturning of the midlatitude atmo-
sphere; and 2) water evaporated from the surface contributes
to the poleward moving air mass only once it has been
liberated from near the surface layers by turbulent mixing
in the vertical. In support of the first claim, Noone and
Simmonds [2002b] showed in model simulations that mid-
latitude eddies provide an advective mass flux toward the
pole that ultimately contribute precipitation to the ice sheet,
while the time-mean flow contributes a net sublimation from

the ice sheet. This result supports observationally based
estimates of polar moisture budgets [Budd et al., 1995;
Turner et al., 1999] and is related in part to the surface out-
flow of cold dry air as required for mass convergence aloft
[Parish and Bromwich, 1987; Simmonds and Law, 1995;
van den Broeke and van Lipzig, 2003; van den Broeke, 2004].
Because the isotopic composition of vapor associated with
the eddy circulation (which drives continental moisture
convergence and positive surface mass balance) and mean
circulations (which is associated with ablation) differ, it
would be most satisfying to account for them separately.
As such, one-dimensional isotope models that combine both
components into a single term [Fisher, 1990, 1992; Ciais and
Jouzel, 1994; Vimeux et al., 2002; Kavanaugh and Cuffey,
2003] may be limited, especially if one were to speculate that
the fractional contribution of the two to the net moisture
transport would change during some paleoepoch.

[s] Illustrating this point, Figure 1 shows different
conceptual views of the hemispheric water budgets. A
Lagrangian trajectory model (i.e., a Rayleigh-type distillation
model that follows an individual air parcel) requires some
initial condition, and typically does not account for the
mixing of air from a spatially disperse evaporative source
along the transport route. The success of estimating polar
depletion lies in accurately assuming the temperature and
condensation history, and setting some reasonable initial
condition [Jouzel and Koster, 1996; Ciais et al., 1997,
Vimeux et al., 2002]. Such models are very constructive in
providing first order understanding of isotopic signals. As
an extension of this paradigm, mixing can be included by
recasting the budget equation into a one-dimensional
Eulerian form (i.e., rather than following a parcel, considers
the passage of vapor and isotopes past locations fixed in
space). Moisture can be added via evaporation as a function
of latitude, and lateral mixing (by eddies) can be included as a
diffusion process, as has been shown by, e.g., Kavanaugh
and Cuffey [2003]. Here a further extension is considered that
better captures underlying overturning circulation. Figure 1c
shows a “two-stream” moisture budget that quantifies the
poleward moving flow separately from the equatorward
moving flow. Vapor in the lower (equatorward) branch is
replenished by evaporation from the ocean source, while
condensation in the upper (poleward) branch provides the
familiar distillation. Mixing between branches allows the
evaporative source to pervade the free troposphere, and thus
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the lower layer acts, in some senses, to temporarily store the
isotope information of the source. The capacity of the lower
layer to store isotope information is dictated by the efficiency
of exchange between the two layers. Once lofted, the pole-
ward transport is mostly non-diffusive, although some lateral
mixing will occur. This is in contrast to a one layer model, in
which water is moved poleward immediately (without
storage) and that the transport in question has a diffusive
character when eddies are involved. Notice this two-stream
model does not need to separate the flow into that
associated with eddies or the mean flow, and is justified
below. Notably the isotopic composition associated with
the two one-way advective fluxes depicted in Figure lc is
not equivalent to the one two-way (i.e., diffusive-like) flux
that accounts for eddies in the one-dimensional model
depicted in Figure 1b. It is argued here that the two-stream
model is an appropriate conceptual basis for interpretation of
isotopic records because of the way it can incorporate the
evaporative source in the cycling of water and its isotopes.

[6] The importance of the preceding discussion and
adoption of the two-stream model stems from the realization
that the strength of the poleward air mass circulation is an
intimate part of the zonal mean overturning (rather than
mixing) of the atmosphere, and that it can be considered a
key metric of the general circulation [Schneider, 2005].
Central to this argument is that midlatitude eddies provide a
net poleward mass flux associated with diabatic meridional
circulation which directed in the same sense as a thermally
direct cell [Andrews and Mclintyre, 1976; Johnson, 1989;
Karoly et al., 1998; Held and Schneider, 1999]. This differs
from the more familiar view in which the Ferrell cell
circulates in the opposite sense, and is largely associated
with adiabatic motions that have limited affect on the net
poleward mass flux. The strength of this eddy driven cell
conveniently quantifies the role of eddies in poleward
transport of energy, momentum and gases—including water
vapor and its isotopes. As such, if explicit account of this
mass flux is retained in the explanation of isotopic
composition, so too is the ability to consider key aspects
of the circulation regime rather than resort to simple
temperature reconstruction. At the same time, changes in
features of the hemispheric circulation (such as the strength
and location of the westerly jet and the storm tracks) can be
linked to changes in the equator to pole temperature
difference, which, under the assumption that tropical
temperature are quite stable, is key to simple interpretations
of polar isotope variations as local temperature. One might
argue that a stronger temperature gradient would dictated
more isotopic distillation during poleward transport so long
as the source water isotope depletion remains constant. As
such, explicitly taking account of the evaporative source in
the two-stream model is a required advance over a simpler
Rayleigh depiction in which the source water must be
prescribed.

[7] This paper aims to link the isotopic composition of
Antarctic snow directly to the meridional overturning
circulation of the Southern Hemisphere. Of particular
interest is to establish how much of the isotope signal is
associated with zonal mean circulation (which dominates in
the tropics and associated with the Hadley cell) and eddy
driven circulation (which dominates in the midlatitudes in
the region of the traditional Ferrell cell). With an atmospheric
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general circulation model with water isotope tracers, sets of
perturbation experiments are performed to elucidate the role
ofthe two components and to show how the ratio of the zonal
advective mass flux to the rate of vertical mixing of
evaporated water is a key parameter in reconstruction. By
examining circulation regimes that differ greatly from the
present climate, we aim to explain both how well and why
classic associations between Antarctic isotope records of
temperature and accumulation rates persist. To provide a
context for experimental results, a brief overview of the
hydrologic cycling of the Hemisphere is provided to
demonstrate the relevance of the proposed two-stream
conceptual model.

2. Model Simulated Circulation and Hydrology

[8] The isotopic version of the Melbourne University
general circulation model (MUGCM), detailed by Noone
and Simmonds [2002a], is a spectral model and configured
to have a horizontal resolution corresponding to a transform
grid of 5.25° longitude by 3.3° latitude, and to have nine
levels in the “sigma” vertical coordinate. Seven of the nine
levels are in the troposphere, and the upper two layers
employ strong lateral damping to prohibit reflection of
vertically propagating planetary waves from the model
top. This limits the quality of the simulation near and above
the tropopause. The validity of the isotopic simulation has
been demonstrated by Noone and Simmonds [2002a], with
applications to large-scale transport, Antarctic precipitation
and the role of sea ice in interpreting ice core records further
demonstrating the models credibility [Noone and Simmonds,
2002b, 2004]. These studies establish that the model is
adequate for assessment of large-scale processes, and thus
one may have confidence in the continental scale results of
interest here. While the spatial resolution used here is quite
modest by modern standards, the speed at which the model
simulations can be completed facilitates a large number of
sensitivity tests while capturing the fundamental behavior of
the tropospheric circulation. For the control simulation, and
all experiments described below, 600-day simulations for
both perpetual 15 January and 16 July are performed, and
the last 300 days are used to compile statistics.

[v] While a detailed description of the simulated clima-
tology here is not warranted, a brief description of those
modeled quantities that have bearing on discussion of
perturbation experiment results is necessary and provides
a link to the two-stream model. Figure 2 shows the zonal
mean isentropic meridional mass transport stream function
for July and January from the control simulation. The
meridional mass flux stream function, ¢, is defined follow-
ing Peixoto and Oort [1992] by the meridional velocity
field (v) such that it may be evaluated using a finite
difference approximation in the vertical. Specifically,

27a cos(¢p) by — (wkﬂ/z - 1/11(71/2) (1)

g Ap
where a is the radius of the earth, g is the acceleration due to
gravity, ¢ is the latitude, Ap is the spacing between the
model’s sigma levels and & indicates the model layer
midpoints with layer interfaces identified as “half” a layer
up and down. The stream function is found by integrating
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