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ABSTRACT

We present a method to analyse tracer transit time climatologies based on the concept of tracer age.
The method consists of introducing idealized, short-lived radioactively decaying tracers in a general
circulation model of the atmosphere. Tracer age since emission is calculated at any given place in the
atmosphere from the ratio of the concentrations of tracers with different lifetimes emitted over the
same source area. An obvious use of this method is the analysis of transport of real tracers with similar
lifetimes (such as dust particles) during different climatic periods. Here, this method is applied to
transport from southern hemisphere continental source areas towards Antarctica at the present, the last
glacial maximum (21 kyr BP) and the last glacial inception (115 kyr BP). It is found that the variation
over time of atmospheric transport efficiency towards Antarctica depends on the tracer source region:
changes for Patagonian tracers differ from those for tracers originating over Australia and southern
Africa. Transport towards Antarctica during the last glacial maximum (LGM) is faster for Patagonian,
but not for Australian and Southern African tracers. It is shown that for the time of the last glacial
inception, tracer transit time towards Antarctica is not significantly different from the present, although

signs of a more vigorous atmospheric circulation can be seen in the simulation.

1. Introduction

The problem of tracer transport from low-latitude
source regions towards the ice sheets is of interest
for several reasons. Ice core analysis yields informa-
tion about past tracer concentrations (e.g. continen-
tal dust, sea salt, etc.) whose variations in time must
be interpreted in terms of variations of atmospheric
transport towards the ice sheets, and of variations in
sources and sinks (Petitetal., 1981). Analysis of atmo-
spheric tracer transport in atmospheric general circu-
lation models (AGCMs) can help explain the observed
variations. As variations of tracer concentrations in ice
cores over time reflect changes in atmospheric circu-
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lation (and therefore climate), the analysis of these
variations is a valuable tool for characterizing the dif-
ferent climate states.

Here, we focus on transport of tracers of continental
origin towards the Antarctic. Probably the most impor-
tant type of these tracers is atmospheric dust, due to
its (poorly understood) direct and indirect effects on
global climate (e.g. Miller and Tegen, 1998; Martin,
1990). Strong variations of dust concentration in po-
lar ice cores (Petit et al., 1999) and marine sediments
(Kent, 1982) have been observed between glacials and
interglacials, but rapid and strong variations also oc-
cur within glacial periods (Petit et al., 1999). Several
modelling studies have focused on glacial-interglacial
changes in dust deposition in, and/or transport to, po-
lar regions (e.g. Joussaume, 1990; Genthon, 1992;
Andersen et al., 1998; Reader et al., 1999; Lunt and
Valdes, 2001; Mahowald etal., 1999). Concerning East
Antarctica, mineralogical and isotopic studies (Grous-
set et al., 1992; Basile et al., 1997) indicate that the
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high glacial dust deposition rates are linked primarily
to the Patagonian dust source.

Radon (***Rn) is another tracer of continental ori-
gin. This natural radioactive gas, emitted ubiquitously
from soils by decay of ??Ra, has a lifetime of 5.5 d
and is therefore an interesting tracer of tropospheric
transport. It can for example be used in the analysis
of events of rapid atmospheric transport to Antarc-
tica (e.g. Wyputta, 1997). An intercomparison of tracer
transport models focusing on ?2?Rn (Jacob et al., 1997)
has shown that three-dimensional synoptic models (of
the type used in this study) generally do a reason-
able job of simulating transport of continental plumes
over several days, but the models tend to underesti-
mate 2*’Rn levels in the upper troposphere. As the
sources and sinks of this gas are simple, the interpre-
tation of measured ?**Rn concentrations in terms of
atmospheric transport is comparatively more straight-
forward for 22Rn than for continental dust. However,
because of the short lifetime of >>?Rn, past atmospheric
concentrations of this gas are obviously not recorded
inice cores. However, 2?*Rn-like tracers may nonethe-
less serve e.g. as a simplified model proxy for dust in
the past.

Indeed, in this paper we present an analysis of mod-
elled transport of idealized tracers similar to ?2*Rn to-
wards Antarctica from continental source regions in
South America, Southern Africa and Australia, fo-
cussing on transport duration and its variability under
different climatic conditions. As we do not simulate
existing tracers, simulated and measured tracer con-
centrations cannot be directly compared. Instead, we
focus on the analysis of atmospheric transport (of any
short-lived tropospheric tracer: **Rn, dust etc.) un-
der varying atmospheric conditions, and discuss the
model results in the light of knowledge obtained from
ice-core records. That is, we address the question of
variations in transport efficiency over time, and how
these variations of atmospheric transport might be re-
flected in Antarctic ice core archives. For those read-
ers not familiar with Antarctica, Fig. 1 displays a map
of the continent with place names referred to in the
text.

We use a direct method of tracer modelling within a
GCM as described in the following section. Section 3
presents the characteristics of modelled present-day
atmospheric transport towards Antarctica in the polar
version of the LMDZ GCM (Krinner et al., 1997).
We then present results obtained for the last glacial
maximum (21 kyr BP) and for the last glacial inception
(115 kyr BP).
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Fig. 1. Map of Antarctica with place names referred to in the
text. On this and all following maps, the Greenwich meridian
is on top and the 90°E meridian is on the right.

2. Method of tracer transport analysis

The analysis presented below is based on inline eu-
lerian tracer modelling in a general circulation model
of the atmosphere. Radon-like tracers with lifetime
T are used. Tracer concentration C is always set to
Cy = 1 in the first atmospheric level over a predefined
source region S (for example, Patagonia). The tracer is
then advected by atmospheric flow out of the source re-
gion and decays like radioactive material. Radioactive
decay, the only sink here, may be seen as a crude ap-
proximation of other removal processes such as grav-
itational settling, wet removal, etc. Note that setting
the tracer concentration to Cy = 1 over the source re-
gion is equivalent to imposing a tracer source whose
strength varies with (vertical and/or horizontal) wind
speed in the first atmospheric layer: in the absence
of atmospheric motion near the surface, the effective
source strength becomes almost zero, as only the de-
caying tracer material in the stationary air mass di-
rectly above the source is replaced. Conversely, when
surface wind speed is high, the tracer source is strong
as relatively depleted air is advected over the source
area.

The concentration C, at a given destination point D
(anywhere over the globe) is:

C, = CO/ f(t)e" 7 dr, (1)
0
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where f(¢)At gives the fraction of the air mass at D
which has been over S in a small time interval At
at time ¢ in the past (note that time axis is positive
backwards). The function f(#) describes the history of
atmospheric mixing and advection. The fact that tracer
concentration is set to 1 when an air mass reaches
the lowest level over a source area means a total loss
of memory of the previous history of this air mass.
Therefore, f(#) can give no information about the air
mass history before that moment.

When two tracers with different lifetimes 7; and
7, are simultaneously emitted over the same source
region, the ratio of their concentrations at D is

C., [Tt T di

Co  [*f)e = dt @
0

We know that fooo f(r)dt < 1 because the concentra-
tion C, at destination must be lower or equal to the
initial concentration Cy, but the exact form of f(¢) is
unknown. Supposing that the concentration C found
at D will be essentially due to a single passage of the
air mass over the source region at time 7y in a not too
distant past, f(¢) will become similar to a Dirac distri-
bution: f(¢) ~ §(ty). In this case, the ratio of the two
tracer concentrations at D will simply become

_l

C e
- = 3)
© e

which can be solved for ¢,:

1 C,
——n (C—) 4)

” 71

[0=

with 7, indicating the mean tracer age observed at D
for tracers with lifetime between t; and 7,, originating
over the source region S. This equation simply reflects
the intuitive fact that the concentration ratio of longer-
lived vs. shorter-lived species will increase with the
length of the atmospheric transport. Taking the limit
1, - T = 11 of eq. (4), we obtain:
2
o) = Tim 1y = = °C°
0>t C, ot

®)

We now show that eq. (5) remains valid when air
masses are mixed or diluted. Consider mixing of two
airmassesi (i € {1, 2}). Suppose that the new resulting
air mass is composed of fractions f; (}_, f; = 1) of the
two initial air masses, each with tracer age ¢; and tracer
concentration C;. The mean tracer age of the resulting

air mass, 7, is simply the weigthed mean of the tracer
ages:

i

with
C=) (fic). ™

On the other hand, eq. (5) would yield
2 9C

T2 ) (fiC)
it C T

_ fiCi 7 3G, _ fiCi
‘,Z(EEM)‘,Z(?”')' (8)

That is, eq. (5) yields the weighted mean of the initial
tracer ages [eq. (6)], and therefore remains valid.

The distinction between the age of an air mass and
the age of short-lived tracers within an air mass (as
defined here) is fundamental. McKeen et al. (1990)
and McKeen and Liu (1993) have shown that due to
atmospheric mixing, air mass age (in the sense of time
since last passage over a defined source area) cannot be
correctly estimated from the analysis of concentration
ratios of short-lived tracers. In fact, after mixing of two
air masses, tracer age (in the sense of mean age of the
tracers present in the air mass) following eq. (4) will
be lower than the mean age of the two air masses, es-
sentially because the “younger” air mass has a higher
tracer content. Actually, the concept of air mass age is
frequently used in the analysis of air-mass exchange
between the troposphere and the stratosphere (Hall
and Plumb, 1994; Eluszkiewicz et al., 2000; Holzer
and Hall, 2000). These authors show that air mass age
(time since an average air molecule in a given air par-
cel last passed over a predefined source area) is of
the order of several years, depending on the size of
the source region S. This is because although some
molecules might have passed over D only a short time
ago, some “stragglers” may have taken an arbitrarily
long atmospheric pathway between S and D (Holzer
and Hall, 2000). In our case, tracer age will be lim-
ited by the lifetime t of the tracer: “stragglers” simply
decay. Consequently, tracer age #, will be of the or-
der of 7, that is, a few weeks at most. However, the
tracer age, not the air mass age, is precisely what we
are interested in here.

It is important to note that the results obtained here
in terms of tracer age depend on the lifetimes of the

1=
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tracers used. The interest of the results lies in their
relative variations between different climatic periods,
yielding information about changes in the character-
istics of the atmospheric transport, not in the absolute
values. On the other hand, the results are not very sen-
sitive to the size of the source regions.

Characteristics of mean transport of short-lived trac-
ers can therefore easily be analyzed in a GCM when
the diagnostic tracers introduced here are used. The
mean duration of tracer transport between S and D is
calculated as

— 1 C

1) T

where the overline indicates a time mean.

Statistics of instantaneous values of #, [e.g. its time
mean d, given by eq. (9), or short-term, seasonal and
interannual variability, etc.] can be used to infer prop-
erties of atmospheric transport such as for example fre-
quency of events of particularly fast tracer advection
towards Antarctica. This will be done in the following
sections for tracers originating in the continents sur-
rounding Antarctica and for different climatic periods
[present day, last glacial maximum (21 kyr BP), and
last glacial inception (115 kyr BP)].

The simulations are carried out with a tracer version
(LMDZ-T) of the LMDZ general circulation model,
optimized for polar climate modelling by Krinner
et al. (1997). Hourdin and Armengaud (1999) intro-
duced the Van Leer I tracer advection scheme (Van
Leer, 1977) into the LMDZ AGCM. They state that in
the GCM context, this second-order scheme is an at-
tractive compromise between numerical accuracy and
computational expenses. Van Leer I is slightly more
diffusive than the Van Leer III advection scheme (Van
Leer, 1977), better known to the meteorological com-
munity as the slope scheme of Russel and Lerner
(1981). However, Hourdin and Armengaud (1999)
state that in particular for studies of short-lived tro-
pospheric tracers, the use of a more accurate tracer
advection scheme than Van Leer I is not warranted, as
processes such as vertical turbulent mixing combined
to vertical wind shear also contribute to horizontal
tracer diffusion. The GCM is run at regular resolu-
tion of 96 x 72 horizontal grid points and 19 vertical
levels. Each simulation spans 5 yr. The source areas
are (1) South America polewards of 20°S, (2) Africa
south of 10°S and (3) Australia and New Zealand. For
each source region, we have two tracers with lifetimes
71 = 5 d and 1, = 10 d. Tracer ages, calculated after
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egs. (4) and (9), will therefore be representative for
tracers with an intermediate lifetime (between 5 and
10 d).

3. Present day

3.1. Simulation

The atmospheric GCM is forced by present-day sea-
sonally, but not interannually varying mean sea surface
conditions for the years 1979-95. Sea surface temper-
atures were obtained from 16-yr means of the monthly
values used in the AMIP (Gates, 1992) project, while
mean sea ice fractions were obtained in the same way
using data from National Snow and Ice Data Center
(1978-95). The transport of real 2*?Rn in previous ver-
sions of the LMD GCM has been evaluated against
observed concentrations by Genthon and Armengaud
(1995) and Jacob et al. (1997).

The version of LMDZ used here displays some bi-
ases in the modelled atmospheric circulation around
Antarctica. In particular, the circumpolar low-pressure
belt is too deep and too zonal in winter (Genthon
et al., 2002). The impact of these biases on the sim-
ulated tracer ages is best assessed by comparing sim-
ulated tracer age in the baseline model version to
the age calculated in a nudged version of the model
(Genthon et al., 2002). Nudging consists in forcing the
(simulated) atmospheric circulation in the GCM with
observed or analysed atmospheric data. The model
is forced at each time step and at three latitudinal
bands (40, 50 and 60°S) using temporally interpolated
6-hourly surface pressure, and wind speeds from the
ECMWF ERAI1S5 reanalysis dataset (Gibson et al.,
1996). Although observational constraint on meteo-
rological analyses is rather weak over the Southern
Ocean, the ERA1S reanalyses are considered to be
globally one of the best sources of homogeneous long-
term atmospheric data, and are widely used for model
validation (e.g. Connolley, 1997). In the nudged simu-
lation, the atmospheric circulation between the conti-
nental source areas and Antarctica is thus constrained
by meteorological analyses which currently provide
the best representation of the real state of the global
atmosphere. The issue of spurious vertical motions in-
duced by the nudging technique, which could induce
unrealistic vertical tracer transport in the model, has
been addressed by Genthon et al. (2002) and found of
limited importance. Moreover, tracer transport stud-
ies have successfully been carried out previously with
a nudged version of the LMDZ GCM (Hourdin and
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Issartel, 2000). It seems reasonable therefore to sup-
pose that nudged tracer transport on the pathway to
Antarctica is also realistic.

3.2. Mean tracer age

3.2.1. Near the surface. Figure 2 displays, for the
free (i.e. not nudged) model, the simulated annual
mean tracer age for the three continental source regions
(the “age” is calculated for the first model level, ~10 m
above the surface). As Patagonia reaches further South
than either Africa or Australia/New Zealand, it is not
surprising that the tracers from Patagonia arrive much
faster than those from the two other source regions,
the transport from Africa being the longest. The typi-
cal age is about 5.5 d for tracers from Patagonia, 6.5 d
for Australian tracers and about 8.5 d for advection
from Southern Africa. Interannual variability of mean
first-level tracer age is of the order of 2% of the mean
age (not shown).

Tracer transport towards the Antarctic is faster in
the free model than in the nudged model (not shown),
for all three source regions. However, in the interior of
Antarctica, the difference is only about 2%, i.e. sim-
ilar to the interannual variability. On the other hand,
over the great West Antarctic embayments (Weddell
and Ross Seas), transit time in the free model is up
to 5% less than that of the nudged model. In terms of
absolute differences, this seems quite low, but as will
be shown later, one should take into account that the
difference in transit time between present and LGM
is only 10%. Apart from errors over the Ross and
Weddell Seas, the global patterns in the free and
nudged model are very similar, with, for example, fast
penetration of Patagonian tracer masses in the Dron-
ning Maud Land (DML) sector. In any case, these
model biases have to be kept in mind in the follow-
ing discussions, which will mostly be limited to the
free (i.e. unnudged) model simulation.

3.2.2. Above the inversion layer. One of the
most prominent features of the Antarctic climate is
the strong, persistent surface temperature inversion
(Phillpot and Zillman, 1970; Connolley, 1996). This
stable stratification of the atmospheric boundary layer
reduces turbulent fluxes between atmosphere and sur-
face and within the boundary layer itself. In particular,
the turbulent transfer of atmospheric tracers from the
free atmosphere to the surface (and on to the snow)
can be inhibited, or at least slowed. It is therefore of
interest to study the tracer age difference between the
surface and the atmosphere above the inversion layer.

Fig. 2. Simulated mean tracer age (in days) for the present
with the free model. Origins are, from top: Patagonia (top),
Australia (middle), and Southern Africa (bottom).
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Fig. 3. Relative age difference (in %) for the Australian tracer
between 7th model layer (about 1400 m height) and first
model layer (about 10 m height), for the present-day simula-
tion. Dark (light) grey: tracers near the surface are younger
(more than 5% older) than those aloft.

Typical inversion layer depth in Antarctica, reasonably
well reproduced by LMDZ, is several hundreds of me-
tres (Phillpot and Zillman, 1970). Figure 3 displays, for
the Australian tracers and the free model run, the rel-
ative age difference between the tracers in the seventh
model layer (at about 1000 m height over the Antarctic
Plateau and 1800 m over the ocean) and the first model
layer (at about 10 m above the surface). The patterns of
vertical age differences are qualitatively similar (but
rotated in longitude, except for terrain-induced fea-
tures) for Patagonian and South African tracers. In
the Pacific sector of Antarctica, first-level Australian
tracer age is up to 10% higher than tracer age above the
inversion layer. This is broadly the region where the
Australian tracer is youngest, consistent with the typi-
cally spiral-like east-southeasterly pathways of synop-
tic systems towards the Antarctic (e.g. Jones and Sim-
monds, 1993). Tracer transport over the ocean is fastest
in the mid-troposphere. When air masses cross the
Antarctic coast from the ocean, this happens preferen-
tially at that height. The tracer particles are then slowly
(over several hours) transferred to the surface through
boundary-layer turbulence, or, particularly further in-
land, through subsidence (e.g. James, 1989). In the ar-
eas that are not subject to fast direct advection of Aus-
tralian air masses, the age difference between 1 km
height and the near-surface air is much less. In par-
ticular, near the coast between 60°E and 120°E the
Australian tracer is even younger near the surface than
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aloft. A probable explanation is that this is due to the
katabatic wind circulation. These strong near-surface
winds lead to stronger turbulent fluxes in the bound-
ary layer, thereby reducing the tracer age difference be-
tween surface air and air aloft. In addition, these winds
can themselves advect younger tracers along the sur-
face, offsetting the normal tracer cross-boundary layer
transit and the subsequent vertical tracer age gradient.
Similar structures can be seen over the Transantarc-
tic Mountains and the Ellesworth Range, where the
rugged topography increases the modelled turbulent
fluxes (Krinner and Genthon, 1998) and strong kata-
batic winds flowing towards the ice shelves are ob-
served (e.g. Bromwich, 1989).

3.3. Atmospheric tracer fluxes

For both present-day simulations, Fig. 4 shows the
seasonal cycle of the vertically integrated meridional

180°

Longitu |

180°W =

Longitud

N}
<
=

Month

Fig. 4. Present-day seasonal cycle of the vertically integrated
northward flux of the tracer with t = 5 days from Patagonia
through the 60°S latitude circle. Top: Free model; bottom:
nudged model. Horizonal axis: month of the year; Vertical
axis: longitude. Positive values indicate northward flux. Units
are arbitrary. For comparison with later figures, the flux is
normalized with respect to the annual mean total atmospheric
mass of the tracer.
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flux for the Patagonian tracer with T = 5 d across the
60°S latitude circle. Tracer flux is normalized with
respect to the total tracer quantity present in the atmo-
sphere. In both simulations, the patterns of the merid-
ional fluxes for the other tracers (both for different
source regions and different lifetimes) are very sim-
ilar to the fluxes of the 5-d Patagonian tracer. Sim-
ulated tracer transport towards the Antarctic region
essentially occurs at all seasons in the western part of
the Australian/Pacific sector (90°E to 120°W), while
tracer mass is exported in the Ross—Bellingshausen
Sea region. The Weddell Sea region (60°W to 0°) is
characterized by tracer influx especially during the
winter season, while to the east, in the western Indian
Ocean sector, tracer mass leaves the Antarctic region.
In general, the magnitude of the tracer flux is higher
during the winter months (months 3-9) than during
the summer months. During mid-summer (January)
the pattern is more complicated, the wave number 2
pattern visible during the rest of the year being re-
placed by a wave number 4 pattern, but with a weak
amplitude. However, this relatively clear picture of the
average annual cycle is not so clear for the individual
years.

In the nudged model, tracer transport in winter is
more clearly organized in a wave number 3 pattern.
The large tracer influx region in the Pacific sector seen
in the free model is interrupted in the nudged model by
northward tracer flux near the dateline. This is coherent
with the fact that the free version of LMDZ does not
correctly represent the zonal structure of the observed
sea level pressure distribution in the southern circum-
polar region: the ternary structure of low-pressure cells
around Antarctica is replaced by an essentially wave 2
pattern, because the low pressure center in the Belling-
shausen/Amundsen seas is not well picked up by the
model. The misfit of the free model is smaller in the
summer season. During these months, phases of max-
ima and minima of northward tracer flux are in bet-
ter agreement in the free and nudged versions than in
winter.

The vertical structure of tracer transport in the free
model is displayed in Fig. 5. This figure displays quan-
tities for the 5-d Patagonian tracer, but the pictures are
qualitatively the same for the other tracers used in this
study (and very similar for the nudged simulation). Not
surprisingly, westward flux of these short-lived trac-
ers is largest in the middle to upper troposphere at jet-
stream latitudes. On the other hand, meridional (north—
south) flux of the tracers is actually largest quite close
to the surface. Tracer flux is southward below 800 hPa

Pressure (hPa)

90°s 60°S 30°S 0°

Latitude (degrees)

Pressure (hPa)

90°s 60°S

Latitude (degrees)

Fig.5. Annual and zonal mean zonal tracer flux in the
free model (t = 5 days, origin: Patagonia). Top: zonal flux
[ur], bottom: meridional flux [vz]. x-axis: latitude (degrees),
y-axis: pressure (hPa). Units: arbitrary. Positive values indi-
cate westward flux in the top panel, northward flux in the
bottom panel.

between the source region and about 65°S. Polewards
of this latitude, the katabatic circulation leads to north-
ward near-surface tracer flux. The general structure of
the Antarctic katabatic circulation system, i.e. near-
surface drainage flow compensated by southward flux
aloft, is reflected by the tracer flux polewards of 65°S.

3.4. Short-term variability

Ice-core records can be affected by extreme events
leading for example to unusually fast air mass advec-
tion towards the drill site. Such events could for ex-
ample carry a higher than usual dust load. Dust from
these exceptional events would be over-represented
in the record (with respect to the temporal frequency
of these events), thereby potentially biasing the inter-
pretation of the record (e.g. Tuncel et al., 1989). This
general problem of the representativity of core records
for the mean climate state has been recognized also
for parameters other than dust, such as pollen (e.g.
Campbell et al., 1999) or water isotopes (e.g. Jouzel
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Fig. 6. Scatter-plot of tracer concentration (t = 5 days, ori-
gin: Patagonia) at the EPICA drilling site in Dronning Maud
Land, against the advection time from Patagonia. Units: x-
axis, days; y-axis: arbitrary.

et al., 1997). Figure 6 illustrates this problem. For
each day of the present-day free model simulation,
this scatter-plot displays the simulated first-level tracer
concentration (Patagonian tracer, T =35 d) at the
EPICA (European Project for Ice Coring in Antarctica)
Dronning Maud Land (DML) drilling site at 75°S and
0°E against the calculated transport time from Patag-
onia. One can see that low tracer age events are also
those that carry quite high tracer concentrations. This
is due to two effects. First, faster advection means less
tracer decay, and second, it also means relatively lit-
tle mixing with other, non-Patagonian air masses with
lower tracer content. It is therefore of interest to ana-
lyze the extrema and the short-term variations of the
durations of advection of continental tracers towards
Antarctica.

The minimum tracer ages in the nudged simula-
tion (not shown) are quite similar to those of the free
model. As events of fast tracer advection should be
fairly realistically depicted in the nudged model simu-
lation, this similarity suggests that the free simulation
is also likely to capture the types of circulation pat-
terns responsible for fast tracer advection. Therefore,
and because the paleoclimate simulations that will be
discussed later are of course free (unnudged) simula-
tions, we will focus on the free model simulation in
the following.

The 5-yr minimum first-level (10 m) tracer age for
the three source regions is shown in Fig. 7. One can see
that events of rapid tracer transport towards Antarctica
within less than three days occur for tracers from
Patagonia and Australia, while African tracers, too far
away and well beyond the Antarctic convergence, take
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Fig. 7. Simulated minimum tracer age (in days) for the
present with the free model. Origins are, from top: Patag-
onia (top), Australia (middle), and Southern Africa (bottom).
Shading interval is one day, contour interval is 0.5 days.
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at least 5 d to arrive over Antarctica. Not surprisingly,
the “fast” Australian tracers protrude into the interior
of Antarctica in Adélie Land, obviously after direct
southward flow, while “fast” Patagonian tracers hit the
Antarctic continent in Mary Byrd and Dronning Maud
Lands. Given the patterns visible in Fig. 7, it is obvious
that in these cases, these air masses hit the continent
directly from the sea at lower atmospheric levels, and
not after advection in the middle troposphere, subsi-
dence over the center of the continent and subsequent
northward katabatic flow near the surface, although
this is a frequent flow pattern in the Antarctic region
(James, 1989). The strong gradient of minimum age
of the African tracers along the Indian Ocean sector
of the Antarctic coast is in contrast to the smoother
distribution for the Patagonian and Australian tracers.
As a consequence of the longer transport crossing the
Southern Ocean with its strong westerlies, the mini-
mum age distribution for the African tracers is much
more zonal than for the other tracers.

Some of the time series of the daily mean values
of the simulated tracer ages are displayed in Fig. 8
for the two EPICA sites (Dome C, 75.1°S/123.4°E,
and DML, 75.0°S/0.0°E). One can see that the sur-
prisingly low minimum Australian tracer age at Dome
C (less than two days) is actually due to one outstand-
ing event, the second fastest event being actually much
slower. The situation is different for Patagonian trac-
ers advected towards the EPICA drilling site in Dron-
ning Maud Land, where several fast tracer advection
events occurred in the 5-yr simulations. It is difficult to
draw very firm conclusions from these facts, because
as always with extreme events, it is possible that the
picture would be modified if longer simulations were
carried out. However, it seems clear that the fastest
tracer advection events consistently occur in winter-
time, when the atmospheric circulation is much more
vigorous than in summer. It is also worth noting that
both for Australian and Patagonian air masses, fast air
advection events tend to occur almost simultaneously
at Dome C and Vostok (not shown). This means that the
air masses in these cases generally reach both drilling
sites (which is not too surprising, as Dome C and
Vostok are only about 600 km apart), generally pass-
ing first over Dome C and then over Vostok. However,
it is possible that in higher-resolution GCM simula-
tions, this close link between Vostok and Dome would
disappear, as air masses could be better separated.

A simple seasonal cycle with relatively fast advec-
tion in winter and slower advection in summer can
be seen in Fig. 8. Linked to this, the same kind of
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Time
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Fig. 8. Time series of the simulated tracer age (days) for the
present, at the EPICA deep drilling sites. Top: At Dronning
Maud Land for the Patagonian source; Bottom: At Dome C
for the Australian source. Thin line: daily values; Thick line:
60-day running mean.

seasonality can be seen in the tracer amount over the
Antarctic region, which is consistently maximum in
winter. For the 5-d Patagonian tracer, about 4-5% of
the total tracer amount can be found over the Antarc-
tic region (the numbers for the Australian and South
African tracers are 3 and 2%, respectively). The sea-
sonal cycle is not so clear for the longer-lived (10 d)
tracers. The reason is probably that the winter tracer
maximum is due to events of relatively fast air mass
advection (Fig. 8), carrying relatively more tracer mass
especially for the short-lived tracers.

4. Last glacial maximum

4.1. Simulation

The LGM simulation discussed here uses sea sur-
face temperatures and sea-ice extent prescribed after
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CLIMAP (1981) except in the North Atlantic, where
warmer sea-surface conditions after Weinelt et al.
(1996) were imposed on the model. Atmospheric CO,
concentration was set to 190 ppm, and orbital param-
eters were modified to LGM values. As in Krinner
and Genthon (1998), LGM topography was prescribed
following Peltier (1994) except for Greenland, where
a topography obtained from glaciological modelling
(Ritz et al., 1997) was used. In the following discus-
sion, one has to keep in mind that the CLIMAP (1981)
sea-ice extent for the LGM summers in the southern
hemisphere is probably too large (Crosta et al., 1998).
Characteristics of summer season atmospheric trans-
port as simulated by the model may be affected by this
drawback. For a previous version of the LMDZ GCM,
the simulated last glacial maximum climate was dis-
cussed in detail by Krinner and Genthon (1998).

4.2. Mean tracer age and tracer fluxes

Figure 9 displays the simulated change of the annual
mean duration of mean tracer transport from the three
continental source regions to the Antarctic surface for
the LGM. One can see that the simulated transport
for the LGM is up to 10% faster than for the present
for the Patagonian tracer, but that, over Antarctica,
there is almost no change for the Australian and South
African (not shown) tracer age. The fact that the sim-
ulated dust transport towards Antarctica is faster for
the Patagonian tracer at the LGM than for today in
these simulations seems to disagree with other mod-
elling results. For example, Lunt and Valdes (2001)
and Reader et al. (1999) report that their models sug-
gest that in terms of tracer concentration, LGM tracer
transport from Patagonia towards Antarctica might
have been less efficient and conclude that the high ob-
served LGM dust concentrations must have been due
to source strength changes. Here, we focus on transit
times, which does not reveal strictly the same infor-
mation as tracer concentration. However, LMDZ also
simulates a ~#30% increase of Patagonian tracer load-
ing over the Antarctic at the LGM. More than half of
this increase is due to changes in source area (mostly
due to the exposed Patagonian continental shelf at the
LGM), mean source latitude (the largest part of the
additional Patagonian land area at the LGM is located
in the southern part of Patagonia, i.e. relatively close
to Antarctica, leading to shorter transport) and source
strength (an increase in wind speed over these areas
results in a stronger source strength, see section 2).
The rest of the concentration increase is due to faster
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Fig. 9. Simulated change between LGM and present in mean
tracer age (in %) for air masses originating in Patagonia (top)
and Australia (bottom). Negative values (light shading) indi-
cate younger tracers at the LGM.

transport as a result of changes in the atmospheric cir-
culation patterns (resulting in less tracer loss through
radioactive decay before arrival).

The more efficient transport could explain a small
fraction of the strong increase in the dust concen-
trations seen in LGM ice from Antarctic cores (e.g.
Petit et al., 1981). Our model result also goes into the
right direction in the light of the results of Basile et al.
(1997), who have shown that glacial dust in the Vostok
core was predominantly of Patagonian origin. Never-
theless it is clear that a 10% decrease in transport time
cannot explain a dust concentration increase as strong
as the observed one, and that important changes in
source strength or atmospheric lifetime are necessary
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(e.g. Andersen et al., 1998; Reader et al., 1999; Lunt
and Valdes, 2001).

An increased efficiency of atmospheric transport of
Patagonian dust during the LGM towards Antarctica
has already been simulated in previous versions of the
LMDZ GCM (Andersen et al., 1998). In those sim-
ulations, the reason for this increase is a simulated
increase of the cyclonic activity in the Weddell Sea
region (Krinner and Genthon, 1998), favoring partic-
ularly southward transport of Patagonian air masses.
However, this particular effect is not seen in the simu-
lations presented here. An analysis of the zonal mean
of the zonal and meridional tracer fluxes (not shown)
shows that an increase in the zonality of the atmo-
spheric circulation during the LGM is clearly visible.
Broadly speaking, simulated winds are stronger for the
LGM, but it is essentially the zonal wind component
that increases, so that the southward transport remains
relatively unaffected.

The general structure of the longitudinal distribution
of the meridional tracer flux at the LGM (not shown)
is fairly similar to the present-day distribution, and
therefore not further discussed here.

4.3. Short-term variability

Minimum tracer ages for the LGM are displayed
in Fig. 10 for the Patagonian and Australian tracers.
Compared to the present-day climate, fast transport
from Patagonia occurs well into the heart of Antarc-
tica at the LGM. On the other hand, no such ex-
ceptional event as that found in the present climate
(section 3.4) can be seen for LGM Australian trac-
ers. However, given the scarcity of such events at the
present (one in five years of simulation), this change
is not necessarily significant. It is possible that the in-
creased zonality of the atmospheric circulation over
the Southern Ocean prevents such events from tak-
ing place at the LGM, although we cannot exclude of
course that in longer simulations such events could oc-
cur. Again, a comparison of Dome C and Vostok time
series (not shown) shows that extreme events tend to
occur almost simultaneously at the two stations, as
stated in section 3.

The time series of daily mean values of tracer age at
Vostok, Dome C and the EPICA DML drilling site at
the LGM (shown, for the Patagonian tracers at Dome C
only, in Fig. 11) all show the same seasonal cycle as al-
ready seen for the present (i.e. faster advection in win-
ter). The seasonality of Patagonian tracer age seems
slightly more pronounced at the LGM than today. The

1

Fig. 10. Simulated LGM 5-year minimum tracer age (in
days) for air masses originating in Patagonia (top) and
Australia (bottom). Shading interval is one day, contour in-
terval is 0.5 days.

slight increase in mean transport efficiency of Patago-
nian air towards Antarctica discussed at the beginning
of this section (Fig. 9) is due to faster advection in
winter, while in summer the simulated tracer trans-
port times towards Dome C and Vostok do not change
much.

5. Last glacial inception

5.1. Simulation

At the time of glacial inception in the North-
ern Hemisphere, 115000 yr ago, the accumulation-
corrected concentration of sea salt in the Vostok ice

Tellus 55B (2003), 1



TROPOSPHERIC TRANSPORT OF TRACERS TO ANTARCTICA 65

Age (days)

ASOND‘J FMAMJJASOND‘J FMAMJJASOND‘J FMAMJJASOND‘J FMAMJJA
1981 1982 1983 1984 1985
Time

Fig. 11. Time series of the simulated tracer age (days) for the
LGM, at the EPICA deep drilling site DML for the Patagonian
source. Thin line: daily values; Thick line: 60-day running
mean. The years on the x-axis are meaningless.

core (Petit et al., 1999) was roughly twice as high as
today, indicating high wind speeds over the Southern
Ocean and/or faster air mass advection into the interior
of East Antarctica. On the other hand, corrected crustal
calcium concentrations were very similar to present-
day values, indicating weak changes in sources and
atmospheric transport of dust (or, less probably, mutu-
ally cancelling changes). The combined evidence from
dust and sea-salt makes the last glacial inception circu-
lation in high southern latitudes very intriguing. Dif-
ferences between the present-day simulation and the
run for the last glacial inception (115 kyr BP) are a
modified atmospheric CO, concentration (280 ppm
instead of 330 ppm for the control run) and modified
orbital parameters following de Noblet et al. (1996).
Sea-surface conditions at high southern latitude sites
at 115 kyr BP were suggested to have been about 3 °C
cooler than today (Pichon et al., 1992), and the role of
the ocean in the initiation of the glaciation in the south-
ern hemisphere was shown to be important (Kim et al.,
1998). However, because to our knowledge no global
reconstructed SST data set for 115 kyr BP exists, two
simulations were carried out. In the first simulation
(115WARM), sea surface conditions were not modi-
fied compared to the present [similar to GCM studies
by de Noblet et al. (1996) and Gallimore and Kutzbach
(1996)]. In the second simulation (115COLD), sea sur-
face conditions in the Southern Ocean were modified
by latitudinally stretching the observed present-day
sea surface temperature between the Antarctic coast
and 45°S continously and in such a way that at 60°S,
where the deformation is maximum, the new sea sur-
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face temperature and sea ice concentration data are
actually those observed today at 65°S. This leads to a
cooling of a few degrees in the Southern Ocean (with
a consistent increase in sea ice cover), in broad agree-
ment with Pichon et al. (1992).

Another possibility would have been to use sea-
surface temperatures from a coupled model 115 kyr
BP experiment, but the only model output accessible
to us (Khodri et al., 2001) does not reproduce very well
the present-day observed sea-surface conditions in the
Antarctic region, so that using the SST and sea-ice for
115 kyr BP from that model, in a study focussing on
the Antarctic region, is not warranted (P. Braconnot,
personal communication).

5.2. Results

5.2.1. Simulated climate change. Both in 115-
WARM and in 115COLD, the model simulates a rather
strong summer cooling in boreal continental regions
(about —6 °C). This is consistent with the modified or-
bital forcing which, through a reduced summer insola-
tion in the boreal regions, leads to decreased snow ab-
lation and ultimately, through internal feedback loops,
to ice-sheet build-up (e.g. de Noblet et al., 1996;
Khodri et al., 2001).

Opposed to this fairly strong change in the north-
ern hemisphere, the simulated climate change over the
Antarctic region is rather weak, even in 115COLD. At
Vostok, 115 kyr BP mean annual surface temperatures
are colder than today by only 2 °C in 115COLD, while
they are almost the same as today in 115WARM. Iso-
tope analysis of the ice core drilled at that site indi-
cates that the climate at 115 kyr BP was about 4 °C
cooler than today (Petit et al., 1999). Thus it seems
that the (prescribed) cooling over the Southern Ocean
in 115COLD is not sufficient to force strong cooling
over Antarctica. The cooling at Vostok in 115COLD is
strongest in winter (—4 °C) and rather weak in summer.
As shown by Krinner and Genthon (1998), this is due
to the fact that the polar climate is particularly sensi-
tive to surface temperatures of the surrounding oceans
during the cold season, when, due to the quasi-absence
of solar radiation, the only heat source is warm air ad-
vection from lower latitudes. In summer, the presence
of solar radiation diminishes the relative importance
of warm air advection in the heat budget. The annual
mean cooling over the Southern Ocean in 115COLD
is essentially limited to the lower troposphere below
5000 m, whereas a warming is visible at the same
latitudes above 8000 m (Fig. 12). Limitation of the
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Fig. 12. Simulated annual and zonal mean temperature dif-
ference (in °C) between 115COLD and the present-day free
simulation. Horizontal axis: Latitude (degrees); Vertical axis:
Altitude (m).

cooling to the levels below 500 hPa (5000 m in these
latitudes) is not surprising. For example, Simmonds
and Budd (1991) report that the warming caused by
removal of the Antarctic sea ice is limited to atmo-
spheric levels below 500 hPa. The warming above
8000 m is related to the colder SST over the Southern
Ocean. Like the the near-surface cooling, it is not seen
in 115WARM. The reason for the warming in the upper
troposphere is not clear to us. Annual mean westerly
wind speed over the Southern Ocean in 115COLD is
increased throughout the troposphere, by 1 m s~ at the
surface up to several m s~! near the tropopause (not
shown). In 115WARM, no such changes are visible.
5.2.2. Impact on tracer ages, concentrations and
fluxes. For both 115 kyr BP simulations the simu-
lated mean tracer age for the three source areas at
the last glacial inception (not shown) is not signif-
icantly different from the present-day values. Given
the relatively weak difference in the simulated climate
between 115 kyr BP and today (compared to the large
changes between the LGM and today), and given the
fact that already for the LGM, the simulated tracer ages
are quite close to those for the present, it is not surpris-
ing that the mean tracer ages for 115 kyr BP and the
present are very similar. Mean tracer concentrations
at 115 kyr BP are slightly lower than today by about
2% (115COLD) and 3% (115WARM) as can be seen
in Fig. 13 for the 5-d Patagonian tracer in 115COLD
(numbers are similar for the other tracers). Simulated
interannual variability of surface air concentration of
this tracer is about 4% in the interior of Antarctica (not
shown). Therefore, this signal is not statistically sig-
nificant at a high confidence level. On the other hand,

Fig. 13. Relative tracer concentration difference in surface
air (in %) between 115COLD and the present-day free simu-
lation for the 5-day Patagonian tracer. Negative values mean
lower concentrations in 115COLD.

tracer concentrations at 115 kyr BP are lower than the
simulated present-day values in both 115 kyr BP sim-
ulations and, systematically, for all six tracers. This
makes us confident that this signal is meaningful, al-
though the different tracers in one GCM run are not
totally independent between each other. This is partic-
ularly true for any pair of tracers from the same source
region, as they tend to be influenced by the same mete-
orological events. Conversely, the tracer concentration
change, both in 115COLD and 115WARM (Fig. 13),
shows an increase of tracer mass over the Southern
Ocean, in particular downwind of the source area, and
a decrease over Antarctica. This points towards the
beginning of a relative climatic isolation of Antarctica
from the lower latitudes, and thus from its heat sources
over the Southern Ocean, at 115 kyr BP.

Ice core analysis (e.g. Petit et al., 1999) shows, if
anything, a small increase in the crustal dust concen-
tration at 115 kyr BP compared to the preceeding inter-
glacial. The simulations here rather suggest that atmo-
spheric transport towards Antarctica might have been
less efficient at 115 kyr BP than it is at the present
interglacial. However, source effects and impacts of
climate change on dust deposition rates are not rep-
resented in the simulations discussed here. These ef-
fects could easily account for the misfit. On the other
hand, the observed increase of sea salt in Antarctic
ice at 115 kyr BP seems to be in agreement with the
more vigorous atmospheric circulation when colder
SST are prescribed (simulation 115COLD). Although
the rather weak climate change between 115 kyr BP
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1

Fig. 14. Simulated minimum age of the 5-day Patagonian
tracer in 115COLD (in days). Shading interval is one day,
contour interval is 0.5 days.

and today does not modify mean tracer age in Antarc-
tica, it does seem to have an impact on rapid tracer
advection events. Figure 14 displays the minimum age
of the 5-d Patagonian tracer in simulations 115COLD.
One can see that the minimum age is clearly lower than
what can be seen for the present (Fig. 7). A similar ef-
fect is also seen in 115WARM and in tracer age time
series for both 115 kyr BP simulations (not shown).
The air mass transport at the time of glacial incep-
tion at 115 kyr BP therefore seems to be in a sense
intermediate between the present and the LGM.

6. A note on ice-core sampling

In an ice core, one can only measure the mean con-
centrations C; of the idealized tracers discussed here
over a given time period. The length of this period
would be determined for example by the instrumen-
tal resolution (at least a month or so, more generally a
season or a year). The mean duration d of the transport
[given in eq. (9)] would therefore have to be estimated
by

_ 1 C,
za \C&

This would of course only be possible if these kind
of “ideal” tracers existed in reality, if their removal
process described by the lifetime v was only active in
the atmosphere (the concentration being frozen once
the tracer touches ground over the ice sheet), and if the
air—snow transfer function were perfectly known. This

10)
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discussion is not as unrealistic as it may sound, as for
example changes in dust particle size spectra can be
used to deduce qualitative informations about changes
in atmospheric circulation patterns (Petit et al., 1990),
using the fact that larger dust particles have shorter at-
mospheric lifetimes than smaller ones. It is therefore
of interest to note that the mean tracer age [eq. (9)]
and its ice-core proxy [eq. (10)] have almost identi-
cal values for the simulations presented here, that is,
both for the present and past climates. This means that
for tracers with lifetimes similar to those used here,
for example atmospheric dust of appropriate particle
size, interpretation of relative tracer mass variations in
terms of tracer age does not seem to be seriously af-
fected by sampling as illustrated by egs. (9) and (10).

7. Conclusion

The tracer method presented here can give valuable
insight into the effects of climate change on the trans-
port of atmospheric tracers. Its strength (and weak-
ness) resides in the fact that it is based on idealized
tracers. This is an advantage, as effects of variations
of source and sink strength are not to be considered. It
is adisadvantage, as direct comparisons with measured
tracer concentrations are not possible. The method pre-
sented here allows a simple analysis of a key param-
eter in the interpretation of concentrations of short-
lived tracers (e.g. dust) in ice cores: the age of the
tracer in surface air over the ice sheet. In this con-
text one may note that, in particular in regions where
katabatic winds are strong, tracer presence in the first
model layer (at about 10 m height) does not neces-
sarily mean high tracer deposition rates at the surface.
However, the drill sites discussed in more detail in this
work (Vostok, DML and Dome C) are not located in
areas known for strong winds.

The method presented here gives information about
tracer age, as opposed to air mass age. That is, the
results one obtains are modulated by the prescribed
lifetime of the tracers. This is an advantage, as the in-
formation one gets out of it is actually closer to what
one finds in an ice core (even with idealized tracers),
but it is a disadvantage in the sense that no abso-
lute (that is, tracer-independent) information is given
about the characteristics of the atmospheric circula-
tion. We note that this drawback could be eliminated
by introducing a larger number of tracers of this kind
with different lifetimes 7, yielding a tracer age spec-
trum #(7) [see eq. (5)] as a function of tracer lifetime.
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This spectrum then contains more complete informa-
tion about atmospheric transport characteristics. This
improvement would of course have a computational
cost. However, it is worth noting here that, compared
to model runs without passive tracers, the additional
numerical cost of running the GCM with six tracers,
as done in this study, is about 20%. This is actually
fairly reasonable.

An interesting alternative method of studying atmo-
spheric transport of trace species has been presented by
Hourdin et al. (1999). This method basically consists
of time-reversed off-line eulerian tracer modelling.
Whereas the lagrangian back-tracking only accounts
for large-scale transport, the approach by Hourdin et al.
(1999), based on time symmetry of the transport equa-
tions, can also be applied to other transport processes
such as turbulent mixing. However, this method suffers
from the same inconvenience as the back-trajectory
technique, that is it requires high-frequency storage
of three-dimensional wind and other fields. In short,
the method presented here and other existing methods
have both advantages and drawbacks. The use of this or
any other method of analysis of atmospheric transport
must depend on the exact nature of the information
one hopes to obtain.

Applying the method presented here to simulations
of present and past climates shows that, in agreement
with paleo-data, atmospheric tracer transport from
Patagonia to East Antarctica might have been more

efficient at the LGM, in particular in winter, but not
enough to explain alone the observed dust concentra-
tions at the LGM. On the other hand, advection of
tracers from other continental regions in the Southern
Hemisphere does not seem to have been favoured dur-
ing the glacial. At 115 kyr BP, which corresponds to the
last glacial inception, atmospheric transport towards
Antarctica shows signs of amore vigorous circumpolar
circulation, but the effect on tracer age and Antarctic
near-surface concentrations is negligible. This seems
coherent with the analysis of dust and sea salt in the
Vostok ice core (Petit et al., 1999), which suggests the
onset of a more rigorous atmospheric circulation over
the Southern Ocean at that time, but no significant in-
crease in tracer concentrations.
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