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ABSTRACT

The isotopic composition of present-day Antarctic snow is simulated for the period September 1980–
August 2002 using a Rayleigh-type isotope distillation model in combination with backward trajectory
calculations with 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis
(ERA-40) data as meteorological input. Observed spatial isotopic gradients are correctly reproduced,
especially in West Antarctica and in the coastal areas. However, isotopic depletion of snow on the East
Antarctic plateau is underestimated, a problem that is also observed in general circulation models equipped
with isotope tracers. The spatial isotope–temperature relation varies strongly, which indicates that this
widely used relation is not applicable to all sites and temporal scales. Spatial differences in the seasonal
amplitude are identified, with maximum values in the Antarctic interior and hardly any seasonal isotope
signature in Marie Byrd Land, West Antarctica. The modeled signature of deuterium excess remains largely
preserved during the last phase of transport, though the simulated relation of deuterium excess with !18O
suggests that parameterizations of kinetic isotopic fractionation can be improved.

1. Introduction

Polar ice sheets are valuable archives of paleocli-
matic information (e.g., North Greenland Ice Core
Project Members 2004; EPICA Community Members
2004). An often used proxy for past temperature (T) is
the isotopic concentration of HDO and/or H18

2 O in the
ice [usually expressed as !D and !18O in parts per thou-
sand (‰) with respect to the deviation from the Vienna
Standard Mean Ocean Water (VSMOW)]. A signifi-
cant spatial correlation between the isotopic composi-
tion of precipitation (hereafter !) and mean annual T
over Greenland (Johnsen et al. 1989) and Antarctica
(Lorius and Merlivat 1977; Dahe et al. 1994) forms the
empirical basis of the use of water isotopes as a T proxy.

The Antarctic ice sheet is of particular interest since
it contains the longest ice core records on earth

(EPICA Community Members 2004). Moreover, due to
its rather stable polar climate, it is argued that, unlike
for the Greenland situation, the Antarctic spatial !–T
relation can be used as a surrogate for the !–T relation-
ship on a glacial–interglacial time scale (i.e., the tem-
poral relationship: Jouzel et al. 2003). However, the
spatial !–T relation in Antarctica can vary from one
place to another (e.g., Lorius and Merlivat 1977; Robin
1983; Dahe et al. 1994). Furthermore, changes in the
inversion strength may obscure the validity of the spa-
tial !–T relation as a robust paleothermometer (Van
Lipzig et al. 2002a) and, especially on shorter time
scales, the stability of the temporal !–T relation in Ant-
arctica is uncertain owing to a lack of independent T
observations or proxies. Observational data from
Dronning Maud Land (DML) show that individual
events lack a robust !–T relation (Helsen et al. 2005).
When accumulation rate is high enough, a seasonal
cycle will be preserved in isotope records. This seasonal
cycle has been used as an alternative approach to study
the Antarctic !–T relation (e.g., Van Ommen and Mor-
gan 1997; McMorrow et al. 2001; Helsen et al. 2005).
This seasonal !–T relation often attains much lower
values since the temperature in the moisture source
area also displays a seasonal cycle, which hereby mod-
erates the extra fractionation in winter.
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The second-order parameter deuterium excess (d-
excess " !D # 8!18O) is determined by nonequilibrium
(“kinetic”) fractionation effects due to differences in
diffusivity of heavy and light water molecules. These
effects occur during evaporation in the oceanic source
area where the sea surface temperature, wind regime,
and relative humidity leave an imprint in this parameter
(Merlivat and Jouzel 1979). Differences in diffusivity
also play a role at low temperatures when vapor is de-
posited on ice crystals in a supersaturated environment
with respect to ice, leading to an additional kinetic frac-
tionation effect (Jouzel and Merlivat 1984). Based on
the above, d-excess records in ice cores are assumed to
contain climatic information of moisture source regions
(e.g., Stenni et al. 2001; Masson-Delmotte et al. 2004).

To provide the climatic interpretation of stable water
isotopes with a better physical basis, the isotopic com-
position of atmospheric water has been simulated using
simple Rayleigh-type distillation models (e.g., Dans-
gaard 1964; Jouzel and Merlivat 1984; Ciais and Jouzel
1994), intermediate complexity models (e.g., Fisher and
Alt 1985; Hendricks et al. 2000; Kavanaugh and Cuffey
2003), and general circulation models (GCMs)
equipped with isotope tracers (e.g., Joussaume et al.
1984; Hoffmann et al. 1998; Noone and Simmonds
2002). The GCM approach has the advantage of taking
into account all relevant processes of fractionation.
However, owing to its complexity, it is difficult to iso-
late different processes. Furthermore, results from
GCMs in climate mode cannot directly be compared to
specific snowfall events and GCMs have limited skill
with respect to precipitation in polar regions.

Rayleigh-type distillation models and intermediate
complexity models are simple to interpret but badly
constrained by meteorological data. Due to their de-
scriptive nature, pathways of moisture transport are
strongly simplified. To improve this, Helsen et al.
(2006) used back-trajectory calculations as an input for
a Rayleigh-type distillation model, which enabled com-
parison of fractionation model results with individual
snowfall events.

Here we extend the approach of Helsen et al. (2006)
to snowfall events over a 22-yr period over the entire
Antarctic continent. This approach is summarized in
Fig. 1 and section 2. We first calculated backward tra-
jectories for all snowfall events over the Antarctic con-
tinent using the 40-yr European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-Analysis
(ERA-40) dataset as the meteorological input for the
trajectory model. For this reason, we describe some
relevant features of ERA-40 in the Antarctic region
(section 3a). Then, we simulated isotopic distillation
along these trajectories using a modified version of the

Mixed Cloud Isotopic Model (MCIM: Ciais and Jouzel
1994; Helsen et al. 2006). Results of this 22-yr model
run are described and discussed for !18O (section 3b)
and the spatial relation with T is described (section 3c).
Model results regarding d-excess are addressed in sec-
tion 3d and the modeled seasonal cycle is discussed in
section 3e, followed by a general discussion and con-
clusions.

2. Model

a. Trajectory starting points

The ERA-40 dataset constitutes the basic meteoro-
logical input for this work. The spectral resolution is
T159 (corresponding to $125-km horizontal spatial
resolution) with 60 vertical levels. Here we used grid-
ded data from this archive with a constant 1° resolution
in the horizontal plane. This is the required input for
the trajectory model (described below).

Based on the resolution of the input data, a network
of grid points over Antarctica has been defined (Fig. 2).
In the meridional direction the resolution is 1°; in the
zonal direction the resolution is chosen in such a way
that the grid is approximately equidistant ($111 km).
More grid points are added when the coastline is
crossed to ensure a fully covered continent.

Obviously, deviations from the real orography will
result in errors in the simulated climate. On the Ant-
arctic Peninsula, for instance, model resolution is insuf-
ficient to resolve the steep orography (e.g., Van Lipzig
et al. 2004), and model results should be interpreted

FIG. 1. Schematic outline of the modeling procedure. Backward
trajectories are calculated using ERA-40 data (u: wind speed, T:
temperature, p: pressure, and q: specific humidity) for all snowfall
events (acc) occurring in the period 1980–2002. Isotope distilla-
tion is simulated along these trajectories using a Rayleigh-type
isotope distillation model that obtains the initial isotope compo-
sition of atmospheric vapor (!%0) from a climate run of ECHAM4.
Finally, the modeled isotopic distribution (!p) can be compared
with observations.
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with care. The grayscale in Fig. 2 indicates Antarctic
orography in ERA-40. Thus, additional points are
added when the elevation increases by more than 200 m
over 1° in zonal direction (e.g., in the Lambert Glacier–
Amery Ice Shelf region).

b. Isotopic modeling along trajectories

Daily snowfall totals (0–24-h forecast fields) are re-
trieved from ERA-40 for the grid described above. Al-
though the data cover the period from 1958 to 2002, the
quality changes before 1980. For example, a strong in-
crease of Antarctic precipitation after 1980 is present in
ERA-40 (Bromwich et al. 2004), probably due to the
incorporation of satellite measurements into the re-
analysis. For consistency, results presented here cover
the 22-yr period from September 1980 to August 2002.

To simulate the isotopic composition of the accumu-
lated snow, we use back-trajectory calculations as input
for a simple Rayleigh-type isotope distillation model.
Helsen et al. (2006) give an extensive description of this
approach, which is only briefly addressed here.

For each day of snowfall occurring at a grid point, we
calculated a 5-day backward trajectory. We used the
trajectory model developed by the Royal Netherlands
Meteorological Institute (Scheele et al. 1996), which
computes the three-dimensional displacement of an air
parcel. This model has previously been used to identify
Antarctic moisture source areas (Reijmer et al. 2002).

The uncertainty in the calculated trajectories in-
creases backward in time, resulting in a typical uncer-
tainty of $1000 km after five days (Stohl et al. 1995).
Moreover, the advective pathway of an air parcel is not
necessarily equal to the pathway of the moisture. Nev-
ertheless, we use these trajectories because we consider
them to be the best available estimate of moisture
transport history for individual snowfall events.

Trajectories should ideally be calculated from arrival
locations at the exact time and height of snow forma-
tion. For the timing of the snowfall events, we used
0–24-h snowfall amounts. If snowfall occurred, we
chose 1200 UTC as the timing of this event and thus as
the starting time for the backward trajectory calcula-
tion. To determine the vertical position of the starting
point, we considered vertical profiles of cloud water
content (CWC). The height of maximum CWC was
used as the starting level of the back-trajectory calcu-
lation.

For the simulation of the isotope distillation process
we used a modified version of the Mixed Cloud Isotopic
Model (MCIM) originally described by Ciais and Jou-
zel 1994). This model describes the isotopic changes in
a Lagrangian air parcel, quantifying the bulk effect of
cloud processes on isotopic concentration. It allows va-
por, liquid, and ice to coexist and interact, which is of
particular importance for the simulation of d-excess.
Three modifications of the MCIM proposed by Helsen
et al. (2006) were necessary to enable the coupling of
this model to the trajectory data, leading to a new
model configuration (hereafter referred to as MCIM-
trajs).

First, the initial isotopic composition of the moisture
has to be defined. In the classical approach of a
Lagrangian isotope distillation model, evaporation
from the ocean surface and associated isotopic fraction-
ation is simulated. This approach cannot be used in
combination with back trajectories since the oceanic
origin of the initial moisture in the air parcels is un-
known. The fractionation effects of local evaporation
do not yield realistic isotopic composition at the air
parcel initial location (Helsen et al. 2004). To bypass
this problem, we use monthly mean three-dimensional
isotope fields (!18O and !D) from a 20-yr climate run of
the ECMWF–Hamburg atmospheric climate model
ECHAM4 (Roeckner et al. 1996; Hoffmann et al. 1998;
Werner and Heimann 2002) to define the initial isoto-
pic composition. The spectral resolution of ECHAM4
is T106 (1.1° & 1.1°) with 19 vertical levels. The use of
climatological mean isotope values as the initial value
for the moisture will introduce additional uncertainty in
our modeling results since isotope values in single
storm events show large variability compared to the

FIG. 2. Elevation of the Antarctic continent from ERA-40
(grayscale and contours) and the grid used for this simulation
(dots).
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mean state (in the order of 5 ‰–10 ‰; Hoffmann et al.
1998). However, we performed sensitivity tests (not
shown) by perturbing !18O values with '5%. These
tests pointed out that the influence of this error is neg-
ligible when average values over 22 years are consid-
ered.

Second, there is a discrepancy between realistic mois-
ture transport as observed by backward trajectories and
the isolated moisture transport as assumed by classical
Lagrangian isotope models. In reality, air parcels often
experience moisture entrainment on their way to the
polar region. This entrainment is associated with isoto-
pic recharge, that is, addition of less-depleted water
vapor to the air parcel. The MCIM has been adapted at
this point by assuming that any moisture increase ex-
ceeding the total available water in the air parcel is
provided by ambient water vapor with an isotopic sig-
nature determined by the ECHAM4 isotope fields. Us-
ing this approach, a strong increase of specific humidity
will result in near equilibration with the isotopic value
of ECHAM4 at that particular location.

Third, classic Rayleigh-type isotope distillation mod-
els assume continuous saturation and rainout of mois-
ture as a function of temperature and pressure, which
can be in conflict with observed moisture transport
(Helsen et al. 2004). Since condensation (and associ-
ated isotopic distillation) is not expected to occur dur-
ing undersaturated conditions, we added a threshold
value of relative humidity (RHthreshold " 80%) in anal-
ogy with GCMs (Tiedtke 1993). Changes in tempera-
ture and pressure are only allowed to induce isotopic
distillation if RH ( 80%. The effect of this threshold is
that the modeled isotopic distillation depends entirely
on the difference between TRH"80% and Tfinal, while in
the classical approach of Rayleigh-type models, the
temperature in the moisture source area was the start-
ing point for distillation, which yielded a slightly stron-
ger distillation.

The use of the ECHAM4 isotopic values for initial
and additional moisture in our isotope model prohibits
a direct interpretation of the influence of source region
effects on d-excess. Only the effect of kinetic fraction-
ation due to differences in diffusivity at low tempera-
tures can be studied in MCIM-trajs. This effect is
strongly dependent on the degree of supersaturation of
vapor with respect to ice (Si: Jouzel and Merlivat 1984).
In our simulation this effect is parameterized as a func-
tion of Tc in a different way than in ECHAM4, leading
to slightly higher values of Si in our simulation:

Si,ECHAM4 " 1.00 # 0.003Tc )1*

Si,MCIMtrajs " 1.02 # 0.0038Tc . )2*

The simulation of d-excess in ECHAM4 suffers from
too high values over the Antarctic Plateau (Werner et
al. 2001). A possible solution of this mismatch is to
increase Si since higher values of Si produce lower and
more realistic d-excess values in polar precipitation
(Schmidt et al. 2005). Therefore, we expect that our
simulation will lead to a better description of Antarctic
d-excess. A drawback of a higher value of Si is that it
also leads to a small reduction of isotopic distillation.

3. Results

a. Antarctic climate in ERA-40

Mean annual snowfall in Antarctica from ERA-40 is
shown in Fig. 3. ERA-40 reasonably well captures the
dry Antarctic interior and the wetter coastal slopes, in
particular the high accumulation in the western Ant-
arctic Peninsula and coastal Marie Byrd Land. How-
ever, ERA-40 is too dry on the East Antarctic plateau
in comparison with compilations based on observations
(Arthern et al. 2006) and calibrated regional climate
models (Van de Berg et al. 2006). Figure 3 shows that
for the driest locations in this area an annual snowfall of
less than 0.01 m w.e. is simulated. Such low values of
precipitation are not observed and are possibly associ-
ated with spinup problems (Genthon 2002).

Seasonality of precipitation is of major importance
for the interpretation of isotope records from ice cores
(e.g., Werner et al. 2000). The seasonality in ERA-40

FIG. 3. Mean annual snowfall from ERA-40 for the period
1980–2002.
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snowfall is shown in Fig. 4. In the Antarctic interior,
seasonal accumulation strongly peaks during the sum-
mer season [December–February (DJF)], while the
coastal regions and large ice shelves receive a relatively
large amount of snowfall during winter. This is not in
agreement with results from regional climate models,
which indicate that autumn is the dominant season for
inland Antarctic precipitation (Van de Berg et al. 2006;
Van Lipzig et al. 2002b). Presumably, the ECMWF
model is not able to produce realistic snowfall amounts
of inland precipitation during the long Antarctic winter,
which causes a considerable seasonality in precipita-
tion. This may be the reason for the underestimation of
snowfall amounts over the Antarctic interior.

The mean annual surface temperature (Ts) in
ERA-40 is shown in Fig. 5a. According to Genthon
(2002), there is warm bias of $5°C in ERA-40 tempera-
ture averaged over Antarctica, probably related to er-
rors in the surface energy budget. However, he com-
pared 2-m air temperature with 10-m firn temperature,
which represents annual mean Ts. The warm bias is less
when Ts is used, as is shown in Fig. 6, where modeled
values of Ts from ERA-40 and ECHAM4 are compared
to observed 10-m firn temperatures along three
traverses: 1) the 1990 International TransAntarctic Ex-
pedition (ITAE) crossing the continent from the Ant-
arctic Peninsula via the South Pole and Vostok to
Mirny in coastal East Antarctica (Dahe et al. 1994), 2)

FIG. 4. Contribution of seasonal snowfall to annual mean from ERA-40 for the period 1980–2002. When a season contribution
equals 0.25, no seasonal bias is introduced. A positive bias ((0.25) is indicated with solid contours; a negative bias (+0.25) has dashed
contours.
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the 1995–96 East Antarctic traverse from Dumont
d’Urville to Dome C (DU-DC; Delmotte 1997), and 3)
the 1995–96 European Project for Ice Coring in Ant-
arctica (EPICA) presite survey in DML from Troll to

Site M (T-M; Van den Broeke et al. 1999; Isaksson et al.
1999). (The locations of the traverses are indicated in
Fig. 5.)

In comparison with ECHAM4 (dashed line in Fig. 6),
ERA-40 (solid line) performs much better in West Ant-
arctica, but in general ERA-40 slightly overestimates
Ts. Over the ice shelves, there is a major difference
between ERA-40 and ECHAM4. Although no ob-
served temperatures were available for the traverse
over the Filchner Ronne Ice Shelf (FRIS), nearby mea-
surements of 10-m firn temperature (Graf et al. 1994)
indicate that ERA-40 correctly simulates the distribu-
tion of Ts and ECHAM4 overestimates Ts by (15°C.
Comparable temperature deviations of ECHAM4 are
detected over the Ross Ice Shelf (RIS). These large
errors in Ts occur because ECHAM erroneously treats
ice shelves as sea ice (Van den Broeke 1997).

To calibrate the isotope thermometer, isotopic com-
position of snow is often correlated to 10-m firn tem-
perature, which is determined by long-term mean Ts.
However, values of Ts in Antarctica are strongly influ-
enced by the strength of the temperature inversion in
the atmospheric boundary layer (ABL). For the isoto-
pic composition of snow, Ts is thought to be not impor-
tant. A more relevant parameter is the temperature at
which water vapor is condensed to snow (Tc). The con-
densation process can occur at any height where water
vapor pressure exceeds the saturation vapor pressure.
Here we defined Tc as the temperature at the level of
maximum CWC. Mean annual values of Tc, weighted

FIG. 6. Comparison of modeled (solid line: ERA-40, dashed
line: ECHAM4) and observed (circles) mean annual surface tem-
perature vs distance along the traverses indicated in Fig. 5. The
standard deviation on annual mean values for ERA-40 is plotted
(gray). Observed temperatures are mostly 10-m firn temperatures
and are obtained from Dahe et al. (1994; ITAE), Delmotte (1997;
DU-DC), and Isaksson et al. (1999; T-M); SP and V indicate the
locations of the South Pole and Vostok, respectively.

FIG. 5. (a) Mean annual Ts and (b) weighted mean values of Tc during snowfall from ERA-40 for the period 1980–2002. The dotted
lines indicate traverses along which comparison with observations is shown in Figs. 6 and 9.
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with accumulation amount and occurrence, are plotted
in Fig. 5b.

The scatterplot of Ts and Tc in Fig. 7 points out that
Tc is generally higher than Ts except for the coastal
regions. An increase of the inversion strength with de-
creasing T can be identified in the Antarctic interior.
Jouzel and Merlivat (1984) compiled a set of observed
vertical temperature profiles at several locations in
Antarctica and assumed the inversion temperature (Ti)
to be representative for Tc to infer a relation between
Ts and Tc. This relation is plotted as the dashed line in
Fig. 7. The ERA-40 data indicate that Tc is systemati-
cally lower than Ti: Ti and Tc slightly converge toward
the Antarctic interior, indicating that the assumption
that Ti represents Tc holds better for the Antarctic in-
terior. In coastal regions, larger errors are introduced
when using Ti as an indicator for Tc, as noted earlier by
Ekaykin (2003).

To assess the quality of modeled Tc, we compared
vertical temperature profiles from ERA-40 with mod-
eled temperature profiles from a regional climate
model (Reijmer et al. 2005). This comparison points out
that the inversion strength in ERA-40 is somewhat
weaker in comparison with the regional climate model;
above the ABL, differences barely exceed 1°C.

b. Spatial distribution of !18O

The mean !18O values of Antarctic precipitation as
simulated with our Lagrangian isotope model are
shown in Fig. 8. The main features include greatest de-

pleted values over the Antarctic Plateau, where the
lowest values of Tc occur and strongest isotopic gradi-
ents can be observed over the steep slopes of East Ant-
arctica, along with the strongest temperature gradients.

A comparison of modeled !18O with observations
along several traverses (Fig. 9) shows that modeled
!18O closely resembles the observations in areas with
relatively high accumulation. Over the dry Antarctic
plateau, however, isotopic depletion is underestimated:
!18O is correctly simulated in the Antarctic Peninsula
and over the Filchner Ronne Ice Shelf. Comparing the
simulated isotope distribution to compilations such as
the one by Zwally et al. (1998) also shows that the
depletion is underestimated by $10 ‰ at the highest
elevations. Observations of mean !18O values in Fig. 9
are generally an average value of multiple samples from
the first meter of snow. This implies that these values
represent different characteristic time periods depend-
ing on accumulation rate. Therefore, these values are
most reliable for low-accumulation sites such as the
Antarctic interior. The observations are expected to be
representative values within 1 ‰ for !18O, so the model
significantly underestimates the depletion on the pla-
teau.

A possible explanation for the difference is the arti-
ficial seasonality in accumulation in ERA-40, as shown
in Fig. 4. However, this accounts for only a small part of
the difference: if we assume an equal contribution of all
seasonal accumulation, the mean modeled !18O value
for Vostok precipitation would drop from #47.5 ‰ to

FIG. 7. Scatterplot of Tc and Ts (°C). The thick solid line is the
best fit (Tc " 0.65 # 5.2) and the dashed line is the relation
between Ts and Ti from Jouzel and Merlivat (1984). FIG. 8. Modeled mean annual !18O of snowfall for the period

1980–2002. This result is hereafter called the reference run.
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#48.8 ‰, which is still well above the observed #57.2
‰. In the area with a maximum summer bias (near
Dome A, Fig. 4), the modeled !18O value would de-
crease from #45.7 to #48.3 ‰, which is again still much
higher than the observed #56 ‰ (Zwally et al. 1998).
Hence, seasonality can be excluded as the main reason
for the difference between observations and model re-
sults.

Another source of underestimation might originate
from errors in the temperature field. However, the tem-
perature distribution of ERA-40 does not deviate
strongly from the observed temperatures (section 3a),
so there is no reason to assume that the underestima-
tion of the isotopic depletion is caused by a large tem-
perature bias in the trajectory input data for the distil-
lation model.

The isotopic composition of initial and additional at-
mospheric moisture in our simulation is determined by
the ECHAM4 isotopic composition. If systematic er-
rors in ECHAM4 exist, this will also impact our simu-
lation. Therefore, the influence of the ECHAM4 iso-
tope fields on our simulation is addressed in Fig. 10.
The mean annual isotopic composition of Antarctic
precipitation in ECHAM4 is shown in Fig. 10a. In com-
parison with our simulation (MCIM-trajs), ECHAM4
strongly overestimates !l8O in the coastal areas, and
especially over the ice shelves. The much too high tem-
peratures over the ice shelves in ECHAM4 cause the
overestimation in the ice shelf regions. In general,
ECHAM4 simulates less-depleted Antarctic snow, ex-
cept for a ridge ranging from DML to Dome A, where
the underestimation of isotopic depletion is somewhat

less than in our simulation (Fig. 10b). Other GCM
simulations show a comparable underestimation of cen-
tral Antarctic snow by $10 ‰ (Noone and Simmonds
2002; Schmidt et al. 2005).

We plotted the amount of isotopic distillation that
occurred exclusively along the trajectories in Fig. 10c
(thereby omitting the role of ECHAM4). The absolute
amount of isotopic depletion along the last 5 days of
transport (the period covered by the trajectories) in-
creases from $10 ‰ in coastal areas to a maximum
value of $30 ‰ around Dome C. By subtracting the
MCIM-trajs results (Fig. 8) from Fig. 10c, we obtain the
part of the depletion caused by the use of ECHAM4
isotopic values for moisture entering the air parcels
(i.e., initial plus additional moisture along transport,
Fig. 10d). This latter figure shows that the simulated
depletion in the area ranging from the RIS extending
inland toward Dome A relies for a large part on de-
pleted moisture from ECHAM4. The erroneous high
!18O values in the ECHAM4 simulation over the RIS
area (Figs. 10a,b) indicate that moisture uptake over
this region can cause an overestimation of our simu-
lated !18O values over inland East Antarctica (i.e.,
downflow of the RIS). However, the use of ECHAM4
values cannot be the only reason for the underestima-
tion of the depletion over the high Antarctic Plateau
since the depletion is also underestimated in inland
DML, where the initial isotopic values play a much
smaller role for the final simulated isotopic value.

c. Spatial !–T relations

The local spatial relationship between !18O and Ts is
calculated from a regression between the 22-yr mean
values of !18O and Ts of all grid points within a 250-km
radius (Fig. 11a). Values are only plotted when the cor-
relation coefficient (r) is larger than 0.7. Figure 11a
shows that a large spatial variability exists in the spatial
!–Ts relation. Note that the method used here differs
from the usual approach that is often based on a single
traverse, following a route upward onto the local ice
sheet slope. The low ,!18O/,Ts values (and low r val-
ues) in central Antarctica are caused by small changes
in isotopic composition, where Ts does show a signifi-
cant gradient (Figs. 5 and 8). Maximum values of
,!18O/,T are found over inland Victoria Land and
over Vostok, where isotope gradients are high and Ts

gradients low. The calculated !–Ts relation depends
somewhat on the length of the search radius: applying a
search radius of 500 km reduces the variability but still
shows the same general pattern.

The large-scale ,!18O/,T values can be compared
with observations that have been obtained from

FIG. 9. As in Fig. 6, but for !18O of precipitation. Observations
along the traverse crossing FRIS are obtained from Graf et al.
(1999).
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traverses (Table 1). For an objective comparison, val-
ues for the modeled spatial relationships in Table 1 are
calculated using only data along the traverses, which
yields somewhat higher values than obtained using a
radial symmetric area. Values of simulated !–Ts gradi-
ents are systematically lower than observed, which can
again be explained by the problems in simulating the
strongly depleted snow on the Antarctic Plateau.

Physically, it is more consistent to compare the spa-
tial isotopic distribution with Tc because Tc is not af-
fected by the inversion and Tc represents the tempera-
ture where fractionation occurs. Spatial ,!18O/,Tc val-
ues are plotted in Fig. 11b. The pattern in Fig. 11b is
comparable with the spatial relationship with Ts in Fig.
11a, but overall, ,!18O/,Tc attains higher values. This
is caused by smaller spatial gradients in Tc (Fig. 5). A

FIG. 10. (a) Modeled mean annual !18O from ECHAM4; (b) difference between (a) and reference run as shown in Fig. 8 (dashed
contours indicate negative values); (c) modeled total distillation of !18O along the trajectories (no use of ECHAM for initial isotopic
values); (d) difference between (c) and the reference run, showing the impact of the ECHAM4 fields on the results.
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region with low values of r is found from central–East
Antarctica toward the coast in Victoria Land.

Using all grid points, modeled !18O correlates
slightly better with Tc than with Ts (Table 1). A scat-
terplot of this relation with Tc is shown in Fig. 12a.
Interestingly, the dots in this plot are grouped along
three different lines (A, B, and C separated by gray
dashed lines). These lines represent well-defined Ant-
arctic regions (Fig. 12c). These different “distillation
paths” are the result of differences in the isotopic com-
position of the vapor that enter the trajectories during
transport to the deposition site. This becomes evident
in Fig. 12b, showing the mean !18O values of the mois-
ture that enters the air parcel along transport as a func-
tion of the temperature during this moisture uptake. At

a comparable temperature, air parcels heading to sector
C take up stronger depleted moisture compared to tra-
jectories heading to sector A. These differences in iso-
topic composition of the added vapor are closely asso-
ciated with the geographical location of the moisture
uptake. This can be seen in Fig. 12c, where each dot
represents the average location of moisture uptake for
each grid point of our model domain. Evidently, mois-
ture uptake occurs farther south for trajectories into
region C compared to moisture uptake along trajecto-
ries into region B, and moisture uptake for trajectories
into region A occurs even farther to the north. This is in
line with Fig. 10d, which shows that this same area is
strongly influenced by depleted ECHAM4 values.

Nevertheless, the mean location of the moisture up-

TABLE 1. Comparison of modeled and observed spatial isotope–temperature relationships: r values are indicated in parentheses.

,!18O/,Ts (‰/°C#1) ,!18O/,Tc (‰/°C#1)

Obs MCIMtrajs MCIMtrajs

East Antarctica 0.63 (0.90) 0.99 (0.90)
South Pole–Mirnya 1.03 (0.98) 0.77 (0.98) 1.25 (0.94)
T-Mb 0.73 (0.99) 0.59 (0.99) 0.92 (0.9998)
DU-DCc 0.96 (0.98) 0.87 (0.99) 1.00 (0.999)
West Antarctica 0.67 (0.93) 0.98 (0.96)
Antarctic Peninsula–South Polea 0.81 (0.98) 0.69 (0.99) 1.06 (0.997)
All grid points 0.61 (0.916) 0.92 (0.920)

Observations are taken from
a Dahe et al. (1994).
b Isaksson et al. (1999).
c Delmotte (1997).

FIG. 11. Regional spatial relationships of !18O in snow with (a) Ts and with (b) Tc. Values are plotted in grayscale when r ( 0.7.
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take cannot account for the total difference in isotopic
composition as identified in Fig. 10d. The variation in
the latitudinal occurrence of the moisture uptake is im-
portant as well, especially since there are large gradi-
ents in the isotopic composition over the edge of the
Antarctic continent. Hence, when a large part of the
moisture uptake occurs at high latitudes, the isotopic
signature of moisture in air parcels will be strongly in-
fluenced by this depleted moisture. An indication of the
relative contribution of this local high-latitude moisture
to total moisture along the trajectories is given in Table
2, which points out that model results for region C are
largely influenced by this local depleted moisture ef-
fect. This region can be characterized as a very dry area
(Fig. 3), mainly as a result of a shielding effect of the
geometry of the continent in combination with the
steep slopes, which prevents depressions from reaching
this area. Trajectories that bring snowfall to this area
generally flow over West Antarctica and take up some
moisture over the Ross Ice Shelf instead of over the
ocean. Hence, snowfall that occurs in this area has a
relatively higher contribution of local (strongly de-
pleted) vapor to the simulated precipitation.

Since ECHAM4 isotopes are used for the isotopic
composition of initial and additional moisture, associ-
ated errors can, in particular, be expected for low ac-
cumulation areas with infrequent cyclonic activity, and
results for region C will be especially sensitive. This
region covers an area in which the difference between
simulated and observed !18O is large (Fig. 9). Lower
(ECHAM4) initial !18O values would yield more real-
istic final results in the simulation and can be expected
if ECHAM4 is colder over the ice shelves. Nonetheless,
lower values of !18O in this area would also cause a
larger deviation of distillation line C from lines A and B
in Fig. 11c, which then confirms our conclusion that the
spatial !18O–T relation is not uniform over the conti-
nent.

d. Spatial pattern of d-excess

Figure 13 shows modeled d-excess of the snowfall. A
pattern of increasing d-excess values toward the Ant-
arctic interior is seen, in qualitative agreement with ob-
served d-excess patterns over Antarctica (Petit et al.
1991; Dahe et al. 1994).

Figure 14a compares modeled d-excess with observa-
tions along the traverses of Dahe et al. (1994) and Del-
motte (1997). Observed and modeled d-excess values
correspond rather well over the Antarctic Peninsula,
but modeled d-excess is about 5 ‰ higher than ob-
served over the East Antarctic plateau. Thus, in spite of
the (supposed) better parameterization of Si in MCIM-
trajs, d-excess is generally overestimated. ECHAM4

FIG. 12. (a) Scatterplot of mean !18O as a function of Tc for the
entire model domain. The dashed lines divide different “distilla-
tion lines” into three sectors (A, B, and C) that represent different
regions visible in (c): (b) Mean !18O values of vapor that enter the
air parcel as a function of cloud temperature and reveal the same
pattern as (a). The three sectors identified in (a) appear as dif-
ferent Antarctic regions in (c). Symbols in (c) represent the mean
locations of moisture uptake for each grid point of the model
domain (A: light gray dots, B: dark gray plus signs, C: black minus
signs).
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performs better, especially around the South Pole, but
both simulations overestimate d-excess for the DU-DC
traverse. The large interannual variability of this pa-
rameter is expressed by the high standard deviation in
the Antarctic interior.

In Fig. 14b, d-excess is plotted as a function of !18O.
Both observed and modeled d-excess show an increas-
ing trend with decreasing !18O values. However, in
both MCIM-trajs and ECHAM4, the combined d-ex-
cess–!18O relation is not modeled correctly: d-excess
attains too high values with respect to the absolute
value of !18O in comparison with observations. This
points to more general parameterization problems of
kinetic fractionation effects for the water isotopes.

The two branches of our simulation in Fig. 14b rep-
resent different relations for West (upper branch) and
East (lower branch) Antarctica. As for !18O, the reason
for this different behavior can be found in a larger con-
tribution of high-latitude vapor for West Antarctica,

which is not only more heavily depleted in !18O but also
has a much higher d-excess value (Table 2).

Open circles in Fig. 14c are the observed d-excess
values between Dumont d’Urville and Dome C (Del-
motte 1997), and the solid circles and crosses are the
d-excess values for the nearest grid points as modeled
by MCIM-trajs and ECHAM4, respectively. For this
particular location, MCIM-trajs produces d-excess val-
ues that are closer to the observations, but both models
clearly yield too high absolute d-excess values in com-
parison to their !18O value.

Since the trajectories do not capture the evaporation
process over the oceanic source area, this simulation
cannot resolve to what extent different temperature
and humidity regimes over the oceanic source are pre-
served in the d-excess signal. Nonetheless, it does offer
the possibility to study changes in d-excess along trans-
port paths. The gray dotted lines show d-excess as a
function of !18O along the mean trajectory to each grid
point. Interestingly, the modeled spatial d-excess pat-
tern is not produced by one single air mass transporting
moisture from the coast to inland Antarctica. Instead, a
unique transport history (and associated d-excess evo-
lution) exists for each location. The final difference in
d-excess between each location along the traverse is
present along the entire modeled transport paths in Fig.
14 and is largely determined by its initial value. Helsen
et al. (2006) showed that the d-excess of this initial
moisture strongly depends on the height at which vapor
enters the air parcel.

These different d-excess histories along transport are
an intriguing aspect of the simulation, especially for the
climatic interpretation of d-excess. The dependency of
d-excess on site and source conditions is often esti-
mated using the assumption that observed spatial d-
excess patterns can be used to calibrate d-excess behav-
ior along transport (e.g., Stenni et al. 2001; Masson-
Delmotte et al. 2004). Figure 14c demonstrates that this
assumption does not hold in our model simulation.
However, owing to the poor agreement between model
results and observations, we cannot draw firm conclu-
sions.

FIG. 13. Mean modeled d-excess of snowfall over the period
1980–2002.

TABLE 2. Relative contribution of Antarctic (high latitude) and oceanic moisture uptake along trajectories and its mean isotopic
composition. Antarctic moisture uptake is defined as increases in specific humidity (q) south of 70°S; oceanic moisture uptake is defined
as increases in q north of 70°S.

Region

,q (%) !18O% (‰) d-excess% (‰)

Antarctic Oceanic Antarctic Oceanic Antarctic Oceanic

A 2 98 #43.5 #23.0 27.0 9.3
B 12 88 #46.9 #24.1 31.3 9.6
C 41 59 #52.9 #26.3 37.4 10.7
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The d-excess histories in Fig. 14c also show that a
change in the parameterization of Si would not result in
a more realistic simulation since it is largely the initial
imprint of d-excess (from ECHAM4) that determines
our results instead of the kinetic fractionation effects
during the final stages of transport. Moreover, increas-

ing Si also causes a reduction of isotopic distillation,
which would result in an even larger difference between
observed and modeled !18O. Hence, the mutual over-
estimation of !18O and d-excess in the Antarctic inte-
rior points to parameterization problems of the water
isotopes, particularly of kinetic isotope effects. This
points out that the d-excess values over the oceanic
source area in ECHAM4 are probably too high. Hence,
the description of kinetic isotopic effects during evapo-
ration over the oceanic source area can be improved.

e. The seasonal cycle

Helsen et al. (2006) showed that the seasonal cycle
could be simulated reasonably well for several sites in
DML. To illustrate the model performance in other
Antarctic sites, we plotted the seasonal cycle of Ts and
!18O at a coastal site (Law Dome) and an inland site
(Vostok) in Fig. 15. The underestimation of the isotopic
depletion over the Antarctic interior is again clearly
visible in the Vostok results, but the seasonal amplitude
is remarkably similar. Furthermore, Fig. 15 reveals no
clear offset in simulated temperature.

The magnitude of the simulated seasonal cycle is
shown in Fig. 16a by plotting the difference between
minimum and maximum monthly mean values. A dis-
tinct pattern of increasing seasonal amplitude with in-
creasing distance to the coast is found. Furthermore, a

FIG. 14. Comparison of modeled and observed mean annual
d-excess of precipitation vs (a) distance along the traverse and (b),
(c) as a function of !18O. For comparison, mean values from the
climate run of ECHAM4 are shown as well. The standard devia-
tion on annual mean values is plotted for our model results in (a)
(gray): SP, V, and DC indicate the locations of the South Pole,
Vostok, and Dome C. Observations are obtained from Dahe et al.
(1994) and Delmotte (1997); see Fig. 5 for the locations of the
traverses. In (c), only data from the DU-DC traverse are plotted,
along with the d-excess values along the mean trajectories.

FIG. 15. Seasonal cycle of temperature and !18O for a coastal
site (Law Dome, dashed line) and an inland site (Vostok, solid
line). Observations (open and filled circles) are obtained from
Van Ommen and Morgan (1997) and Ekaykin (2003).
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region with a surprisingly low seasonal amplitude of
less than 5 ‰ is found in coastal West Antarctica.

To assess how realistic these results are, we com-
pared the seasonal amplitudes in our model results with
a number of sites from which observations are available
(Table 3). In general, observations and model results
both indicate smaller isotopic seasonal amplitudes in
coastal areas compared to inland sites. Only in DML is

the modeled increasing trend of the seasonal amplitude
toward the interior not recognized in the observations.
It should be mentioned that most observations are only
based on a few (or even just one) years of monitoring.
The West Antarctic minimum in seasonal amplitude ap-
pears to be real according to the ice core data from West
Antarctica [Schneider et al. 2005; Table 3 (below)].

Figure 16b shows the relation with the seasonal tem-

TABLE 3. Comparison of seasonal isotope–temperature relationships for different Antarctic sites (locations indicated in Fig. 16); r
values from regression of modeled mean monthly temperature and isotope values are indicated in parentheses. Source of observations
and type of seasonal isotope measurements listed in footnote.

,!18O summer–winter (‰) ,!18O/,Ts (‰ °C#1) ,!18O/,Tc (‰ °C#1)

Obs MCIMtrajs Obs MCIMtrajs Obs MCIMtrajs

AWS 4a 14.0 7.6 0.55 0.21(0.96) 0.57 0.70(0.91)
AWS 5a 7.4 7.6 0.60 0.27(0.96) 0.83 0.71(0.90)
AWS 6a 11.8 9.7 0.67 0.30(0.95) 0.77 0.77(0.94)
Kohnena 9.7 14.8 0.37 0.39(0.97) 0.49 0.86(0.98)
Dome Fb 21.0 17.0 0.47 0.30(0.89) 1.04h 0.77(0.97)
Law Domec 6.0 5.9 0.44 0.26(0.98) — 0.71(0.92)
Vostokd 13.8 15.6 0.33 0.31(0.95) 0.97 0.81(0.97)
South Polee 14.0 14.3 — 0.27(0.96) 1.40 0.71(0.91)
US-ITASE 00–1f 3.0 4.0 0.13 0.09(0.80) — 0.27(0.85)
US-ITASE 01–5f 4.7 3.1 0.21 0.04(0.36) — 0.26(0.61)

,!Dsummer–winter ,!D/,Ts ,!D/,Tc

US-ITASE 00–5f 15 45 0.69 0.67(0.53) — 2.10(0.80)
Siple Domeg $80 55 2.34 0.81(0.73) — 2.60(0.65)

a Helsen et al. (2005): 4-yr snow pits corrected for diffusion
b Motoyama et al. (2005): 1 yr freshly fallen snow sampled from container roof
c Van Ommen and Morgan (1997): $600-yr ice core record, corrected for diffusion
d Ekaykin (2003):1 yr freshly fallen snow sampled in snow traps at 1.5-m height
e Aldaz and Deutsch (1967): 1 yr of freshly fallen snow sampled from 0.5-m raised platform
f Schneider et al. (2005): ice core records
g Kreutz et al. (1999): 2.5-yr snow pits, not corrected for diffusion
h Ti is used instead of Tc

FIG. 16. (a) Seasonal difference (summer # winter) of monthly mean !18O values and associated seasonal relationships of !18O with
(b) Ts and (c) Tc. Locations of sites in Table 3 are indicated with dots; A4: AWS 4, A5: AWS 5, A6: AWS 6, KO: Kohnen, DF: Dome
F, LD: Law Dome, VO: Vostok, SP: South Pole, 00–1: US-ITASE 00–1, 00–5: US-ITASE 00–5, 01–5: US-ITASE 01–5, and SI: Siple
Dome.
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perature cycle. Values for ,!18O/,Ts obtained from
seasonal variations are much lower than the spatial re-
lationship (Fig. 11), in agreement with earlier studies
(e.g., Van Ommen and Morgan 1997). However, the
modeled values of the seasonal !18O–T relation are also
consequently lower than observed (Table 3). This can
be related to the model’s problem of producing strongly
depleted !18O values, which is especially a problem for
wintertime snowfall (Helsen et al. 2006); consequently,
the seasonal !18O–T relation is underestimated.

Figure 16c shows the seasonal relationship between
!18O and Tc. Again, much higher values are obtained
compared to the !18O–Ts relationship. The difference is
caused by the temperature inversion that develops in
the Antarctic winter, which causes very low winter val-
ues for Ts but has no influence on Tc.

A poor correlation (r + 0.7) is obtained for large
areas in West Antarctica (Marie Byrd Land), mainly
because the seasonal amplitude of !18O is low for this
area. Although the seasonal amplitude of Tc is also
small in this area (not shown), this cannot fully explain
the total difference in isotopic seasonal amplitude: also
the seasonal !18O–Tc gradient is much lower in Marie
Byrd Land (Fig. 16c).

Since isotopic depletion of moisture is a function of
the temperature difference between source and site
(and not just final Tc), seasonal changes in this tem-
perature difference may explain the observed differ-
ences. This influence is evaluated for trajectories to-

ward the locations of both maximum and minimum sea-
sonal amplitude. This revealed that trajectories toward
Marie Byrd Land experience a similar temperature
drop during both winter and summer. On the other
hand, wintertime trajectories toward the Antarctic in-
terior originate much more northward than summer-
time trajectories and therefore encounter a much larger
temperature drop in winter, explaining the large sea-
sonal amplitude.

The seasonal amplitude of d-excess is shown in Fig.
17a. Maximum values of d-excess occur in late autumn
(May–June), and minimum values occur during early
summer (November–December). Figure 14c revealed
that concerning the spatial d-excess distribution, the
d-excess value of the initial moisture determined to a
large extent the final value. Whether this also holds for
the seasonal variation is tested by calculating the re-
gression coefficient between the initial d-excess value
of moisture five days before arrival and the final value
of the precipitation (Fig. 17b). The seasonal variability
of d-excess in a large region ranging from Victoria
Lands to Dome A remains unexplained (too low r val-
ues). For the remaining part of the continent, the initial
moisture composition largely determines the seasonal
signal in d-excess.

4. Discussion
The combined approach of backward trajectories and

simple isotopic modeling has yielded a unique dataset

FIG. 17. (a) Seasonal d-excess and (b) relation of d-excess of the final precipitation to d-excess of moisture that enters the air
parcel during transport. Grayscale is only plotted when r ( 0.7.
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of the isotopic composition of snow in Antarctica. It is
the first simulation of isotopic composition based on
atmospheric reanalysis data. However, the strongly de-
pleted values in inland Antarctica are not entirely cor-
rectly reproduced by the model. These problems are
also encountered in different GCMs equipped with iso-
tope tracers (Werner et al. 2001; Noone and Simmonds
2002; Schmidt et al. 2005), which highlights the fact that
these models do not capture the Antarctic hydrological
cycle (and associated isotopic fractionation processes)
sufficiently well to explain all observed isotopic vari-
ability.

One of the possible causes for the discrepancy may
be related to the temperature of condensation, which
controls the isotopic composition of snow. In our simu-
lation, we chose the temperature at the level of maxi-
mum condensed moisture (CWC), while in reality, con-
densation occurs over a large vertical range. In GCMs,
the condensation process (and its vertical position) is
more realistic, but this does not lead to an improved
simulation of !18O, so this is not a likely cause either.

The type of accumulation events can also introduce a
bias in the isotopic composition. In DML, studies with
automatic weather stations have revealed that accumu-
lation is dominated by cyclonic precipitation, which
only occurs a few times per year (Reijmer and Van den
Broeke 2003; Helsen et al. 2005). For this type of pre-
cipitation, the definition of Tc should be appropriate.
On the other hand, clear-sky precipitation is much less
intermittent, and evidence exists that this type of pre-
cipitation forms a large contribution to the total pre-
cipitation on the Antarctic Plateau (Bromwich 1988;
Ekaykin 2003). This type of precipitation is not ac-
counted for in our model approach since trajectories
are only calculated when condensed moisture is de-
tected above the surface. Clear-sky precipitation likely
is usually more depleted than cyclonic precipitation be-
cause it is formed at lower T and can therefore quali-
tatively explain the mismatch between observations
and model results.

On the other hand, it is possible that monthly mean
isotope fields are not representative of the average iso-
topic composition during storm events and thus intro-
duce a systematic (and unknown) bias in our simula-
tion. Especially during very intense storms, moisture
that enters the air parcels can be more depleted than
during “average” conditions due to earlier rainout not
captured by the trajectories. This influence may be con-
siderable in the Antarctic interior since cyclones need
to be very intense in order to reach this area.

Since our simulation is based on backward trajectory
calculations, simulated moisture transport was exclu-
sively advective, and diffusive moisture transport was

neglected. Only when moisture increases in trajectories
occur was this process schematically described. Never-
theless, diffusive mixing along transport with (local) de-
pleted moisture may be a key process that can account
for the lack of depletion toward the Antarctic interior.
However, GCMs do account for this process and do not
produce results more in line with observation; so again,
the matter remains unsolved.

Another mechanism not accounted for in our mod-
eling approach, nor in GCMs, is postdepositional iso-
topic equilibration with atmospheric moisture (Wad-
dington et al. 2002), which is thought to be a significant
process in windy, low accumulation sites. This process
cannot explain the difference of model results with
freshly fallen snow samples, but may have lowered the
isotopic composition in firn samples.

5. Conclusions

Modeling isotope fractionation using both simple dis-
tillation models and GCMs equipped with isotope trac-
ers has provided valuable insight into the mechanisms
behind observed global isotope variability. In this paper
we presented a dataset of isotopic composition of Ant-
arctic snow, generated using atmospheric reanalysis
data combined with a trajectory model and a simple
isotope model. It is demonstrated that this approach is
able to reproduce most of the observed spatial gradi-
ents, and also qualitatively describes the seasonal cycle.
However, isotopic depletion is underestimated for the
high Antarctic Plateau.

The modeled present-day spatial !18O–T relation in
Antarctica appears to vary regionally, which is an indi-
cation that this widely used relation is not applicable to
all sites and time scales.

Our results indicate large spatial variability in the
amplitude of the seasonal isotope cycle, mostly in
agreement with the observed variability. The underly-
ing mechanisms behind these patterns can be attributed
to 1) spatial variations in the seasonal amplitude of
condensation temperature and 2) strong seasonal fluc-
tuations in the latitudinal extent of the mean transport
path.

Modeled d-excess qualitatively follows the observed
spatial pattern but is generally higher than observations
in the Antarctic interior. Analysis of the evolution of
d-excess along the trajectories indicates that spatial
variations in modeled d-excess are not highly influ-
enced by the last phase of transport but are largely
determined by their initial values, which are obtained
from the ECHAM4 GCM. The mutual behavior of
!18O and d-excess suggests that parameterization of ki-
netic fractionation effects can be improved.
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Future work will try to identify to what extent large-
scale atmospheric patterns are preserved in the isotopic
composition of present-day Antarctic accumulation.
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