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ABSTRACT

Five-day backward air parcel trajectories are used to define potential moisture sources of snow falling at five
Antarctic deep drilling locations: Byrd, DML05, Dome C, Dome F, and Vostok. The trajectory calculations are
based on European Centre for Medium-Range Weather Forecasts reanalysis data, ERA-15 (1979–93). Based on
model precipitation, a distinction is made between cases with and without snowfall at the point of arrival. ERA-
15 precipitation is in reasonable agreement with measured accumulation at Byrd, but seriously underestimates
the amount of precipitation on the East Antarctic ice sheet. The trajectories show that the oceans closest to the
site contribute the most moisture. The latitude band contributing most (�30% of the total annual precipitation)
is 50�–60�S, that is, the area just north of the sea-ice edge. The calculated trajectories show seasonal dependency,
resulting in a seasonal cycle in the moisture sources, which is further enhanced by a seasonal cycle in the amount
of precipitation. The interannual variability of the source regions is of the order of 3� latitude. At DML05, a
significant northward moving moisture source region is detected, while at Dome C a significant southward
movement is observed.

1. Introduction
Deep ice cores have been drilled at several locations

in the Antarctic and Greenland ice sheet; for example,
Vostok, Byrd, and Dome F in Antarctica; Greenland Ice
Core Project (GRIP and North GRIP); and Greenland
Ice Sheet Project (GISPII) (see, e.g., GRIP Members
1993; Dome-F Ice Core Research Group 1998a,b; and
Petit et al. 1999). The main objective of the European
Project for Ice Coring in Antarctica (EPICA) is to con-
struct a high-resolution climate record for the Antarctic
by drilling two additional cores and compare the results
with other Antarctic and Greenland records. The EPICA
cores are drilled at Dome C (Wolff et al. 1999) and
DML05 (Oerter et al. 2000; Fig. 1). The low accumu-
lation rate at Dome C,�36 millimeters water equivalent
per year (mmwe yr�1; Petit et al. 1982), hopefully pro-
duces a record of several glacial–interglacial cycles,
while the relatively high accumulation rate at DML05,
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�62 mmwe yr�1 (Oerter et al. 2000), enables one to
obtain a detailed record of the last glacial–interglacial
cycle. Furthermore, DML05 is located in Dronning
Maud Land (DML), an area that is considered to be an
important link between Antarctic and Greenland ice core
records.
The climate recorded in ice cores is determined by

the conditions that prevail when snowfall occurs. These
need not be representative for the mean climate con-
ditions at that point (Noone et al. 1999). Factors such
as seasonality of snowfall and changes in moisture
source region may bias the ice core record in a system-
atic way (Jouzel et al. 1997; Schlosser 1999). Several
techniques have been used to trace moisture source re-
gions of Antarctic snow. Petit et al. (1991) and Ciais et
al. (1995) use deuterium excess as tracer in combination
with idealized isotope models. They conclude that the
Antarctic moisture has a subtropical origin, 30�–40�S
and 20�–40�S, respectively. Peixoto and Oort (1992)
came to the same conclusion on the basis of atmospheric
water balance studies (8�–40�S). Other studies including
�18O (Bromwich and Weaver 1983), general circulation
models (GCMS; Delaygue et al. 2000; Delmotte et al.
2000), and trajectory studies (Reijmer and van den
Broeke 2001) suggest a more southerly origin, 55�–
60�S, 30�–60�S, and 40�–60�S, respectively.
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FIG. 1. Map of Antarctica showing the arrival locations of the
trajectories. Dotted lines are boundaries of ocean regions defined in
the text.

TABLE 1. Characteristics of the five starting points for the backwood trajectory calculations (Fig. 1). Elevation is measured elevation, and
ERA-15 model elevation is in parentheses; P is model precipitation; Acc. is measured accumulation. The surface slope and distance from
the coast are based on a 10 km by 10 km Antarctic topography (data courtesy of J. Bamber, Bristol University). The error estimate in the
model precipitation is that standard deviation in the annual means over the 15-yr period.

Station Lat Lon
Elev

(m ASL)
Slope

(m km�1)
Distance
(km) P (mmwe yr�1) Acc.

Byrd
DML05
Dome C
Dome F
Vostok

80�0�S
75�00.2�S
74�30�S
77�19�S
78�30�S

119�24�W
0�00.4�E

123�0�E
39�42.2�E
106�54�E

1530 (1605)
2892 (2769)
3280 (3042)
3810 (3283)
3488 (3409)

3.5
1.3
0.3
0.0
1.0

689.5
602.0
945.4
927.8
1362.5

159 � 53
29 � 6
16 � 9
7 � 3
6 � 2

160a
62 � 21b
36 � 5c
30d
22.5e

a Herron (1982).
b Oerter et al. (2000).
c Petit et al. (1982).
d Dome-F Ice Core Research Group (1998b).
e Legrand and Delmast (1987).

In this study we use a trajectory model and European
Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis (ERA-15) data to trace moisture
sources of five Antarctic locations. The locations chosen
are the two EPICA drilling sites (DML05 and Dome C)
and three sites on the polar plateau where earlier deep
drillings have been carried out in the past, namely Byrd,
Vostok, and Dome F (Herron 1982; Legrand and Delmas
1987; Dome-F Ice Core Research Group 1998b; Fig. 1
and Table 1). The approach in this study is similar to
that of Reijmer and van den Broeke (2001), who de-
scribed trajectories to DML05 for 1998. Noone et al.
(1999) also used ERA-15 data to describe seasonal pat-
terns and trajectories of significant snowfall in the Dron-
ning Maud Land region.
In section 2 the trajectory model and ERA-15 are

briefly described. Section 3 describes the characteristics
of the model snowfall compared to measurements. In

section 4 the calculated trajectories are described, fol-
lowed by a summary and discussion of the results.

2. The trajectory model

To calculate air parcel backward trajectories we use
the trajectory model developed by the Royal Nether-
lands Meteorological Institute (KNMI; Scheele et al.
1996). This model computes the three-dimensional dis-
placement of an air parcel during a time step �t using
an iterative scheme:

�t
X � X � [v(X , t) � v(X , t � �t)]. (1)n�1 0 0 n2

In this equation, �t is the iteration time step, X0 is the
position vector of the parcel at time t, Xn is the nth
iterative approximation of the position vector at time t
� �t, and v(X, t) is the wind vector at position X and
time t. The iteration time step is �10 min. The iteration
stops when the horizontal distance between Xn and Xn�1
is less than 300 m and the relative vertical (pressure)
difference, defined as (Pn�1 � P)/Pn�1, is less than
0.0001. The model is able to compute different types
of trajectories, for example, isentropic, isobaric, or
three-dimensional. The latter is used because it most
accurately approximates the true three-dimensional
transport path (Stohl et al. 1995; Kottmeier and Fay
1998).
As input for the trajectory model we use ERA-15

data (1979–93; Gibson et al. 1997). To ensure physical
balance in the meteorological fields the 6-h forecasted
wind fields are used, not the analysed wind fields, giving
the most accurate representation of the vertical wind
speed component. ERA-15 data have a horizontal spec-
tral resolution of T106 (�1.7�) and 31 �-levels in the
vertical. For the trajectory model, the resolution of the
input data is kept constant at 1.5� in the horizontal plane,
31 levels in the vertical, and 6 h in time. This makes
interpolation in time and space necessary: spatial in-
terpolation is bilinear in the horizontal, linear in the
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TABLE 2. Starting pressure levels for the air parcel backward
trajectory calculations and mean surface pressure (P0), in hPa.

Level Byrd DML05 Dome C Dome F Vostok

Surface (P0)
1
2
3
4
5
6

805.9
800
790
780
750
700
625

685.6
680
670
660
625
575
500

661.3
650
640
630
600
550
475

639.7
630
620
610
575
525
450

630.9
620
610
600
575
525
450

logarithmic value of the air pressure in the vertical, and
the time interpolation is quadratic (Scheele et al. 1996).
Uncertainties that are introduced by the choice of

trajectory type, interpolation schemes, and temporal and
spatial resolution of the input wind fields are on the
order of 1000 km after 5 days calculation (Kahl et al.
1989; Doty and Perkey 1993; Stohl et al. 1995). In
reality, the uncertainty is even larger because of the
difference between the forecasted wind fields and the
real winds and the presence of convective systems (such
as fronts). In a convective system the air parcel loses
its identity making it impossible to truly trace a single
parcel. Fortunately, precipitation in the continental polar
atmosphere is generally stratiform and convective mix-
ing is usually insignificant. Kahl et al. (1989) conclude
that sensitivity due to differences in gridded meteoro-
logical databases—that is, the input wind fields, an in-
dicator for errors in the wind fields—can be larger than
the sensitivity due to different trajectory calculation
methods. These important sources of errors in trajec-
tories are difficult to assess and are not quantified in the
uncertainty estimates presented by, for example, Kahl
et al. (1989). The above implies that the identified source
regions after 5 days have an uncertainty of more than
�10� latitude.
An additional problem that influences the wind fields

in the ERA-15 dataset is the Antarctic orography used
in the model. Genthon and Braun (1995) show that the
ERA-15 orography is up to 1000 m too high in western
DML and up to 1000 m too low in eastern DML. Ad-
ditionally Bromwich et al. (2000) show that a faulty
elevation of Vostok station leads to important errors in
the ERA-15 atmospheric circulation. These systematic
errors affect flow patterns over a large part of the East
Antarctic ice sheet and to a lesser extent over the West
Antarctic ice sheet. However, Cullather et al. (1997)
showed that the analyses, and therefore probably also
the forecast fields in ERA-15, are superior to analyses
of the National Centers for Environmental Prediction
for large-scale circulation features and moisture budget
of the high southern latitudes. A final problem using the
trajectory method is the fact that not the moisture itself
but an air parcel containing moisture is traced, which
complicates the position-finding of the region where
moisture actually enters the air parcel. Possible replace-
ment of moisture through cycles of condensation and
evaporation is not taken into account. We nevertheless
think that the computed trajectories give a reasonable
estimate of the source regions of Antarctic moisture and
the assumption is made that the main moisture source
of Antarctic precipitation is distributed along the 5-day
trajectories.
Trajectory calculations are initiated (and air parcels

arrive) every 12 h (0000 UTC and 1200 UTC) at six
different pressure levels above the surface. Table 2 pre-
sents these six levels and the mean model surface pres-
sure at the five locations. The lowest three to four levels
are reasonably close to the surface in the layer with

maximum poleward moisture transport (Noone et al.
1999). The higher levels represent the large-scale flow.
Trajectories that intersect with the surface are omitted
from the analysis; this represents �10% of the trajec-
tories starting at the lowest level.
In the following a distinction is made between tra-

jectories with and without snowfall on arrival at the sites
based on ERA-15 snowfall. ERA-15 snowfall is based
on the cumulative snowfall in the first 12 forecast hours
and suffers from model spinup, and is �9% less than
the amount from the 12- to 24-h forecast (Turner et al.
1999). To mark a trajectory as a snowfall trajectory,
unless stated otherwise, at least 1.0, 0.35, 0.25, 0.20,
and 0.15 mmwe of snow must have accumulated in the
12 h preceding the parcel arrival at Byrd, DML05, Dome
C, Dome F, and Vostok, respectively. This ensures that
�50% of the total model precipitation is represented in
the snowfall trajectories. Unless stated otherwise, all
events refer to amount of precipitation in 12 h.

3. Precipitation
The main mechanisms leading to precipitation in the

coastal regions and on the East Antarctic plateau are
described by, for example, Bromwich (1988), King and
Turner (1997), and Cullather et al. (1998). Precipitation
in the coastal areas of Antarctica is often orographically
induced. The cyclones associated with the snowfall in
the coastal regions seldom penetrate far inland and pre-
cipitation over the higher parts of the Antarctic plateau,
where Dome F, Vostok, and Dome C are located, may
also be associated with radiative cooling of the air, in-
stead of orographic lifting (Bromwich 1988). The pre-
cipitation amounts on the plateau are usually small.
Owing to the orographic nature of most Antarctic

precipitation, errors in the model orography can have
great influence on the amount and location of model
snowfall. This complicates the comparison between
measured and modeled accumulation, and will have the
largest effect on the amount of precipitation at the sta-
tions reasonably close to the coast, DML05 and Byrd.
Genthon and Braun (1995) show that the ERA-15 orog-
raphy is up to 1000 m too high in western DML resulting
in too little precipitation on the Antarctic plateau in this
area (Turner et al. 1999), and up to 1000 m too low in
eastern DML where Dome F is located. Table 1 shows
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FIG. 2. Percentage of the total 15-yr precipitation at the five sites
grouped by 12-hourly totals bound by �0.1, 0.25, 0.5, 1.0, 2.5, and
�2.5 mmwe (12 h)�1.

FIG. 3. Mean annual number of events per event size (left scale, bars) and percentage of annual mean precipitation contributed by events
of different size (right scale, line) in (a) ERA-15 and (b) measurements at DML05.

that at all stations, except Byrd, the model orography
is too low, from 79 m at Vostok to 527 m at Dome F.
Other factors complicating the comparison between
measured accumulation and modeled precipitation, is
the model resolution and the fact that accumulation is
the result of precipitation, snowdrift erosion and de-
position, sublimation, and condensation. The latter pro-
cesses are disregarded in the analysis, although they are
probably locally not negligible (Bromwich 1988; van
den Broeke 1997; Cullather et al. 1998).
Table 1 additionally presents the annual mean pre-

cipitation in ERA-15 at the five drilling locations. The
precipitation decreases with increasing elevation and is
exceptionally low over the East Antarctic plateau. The
precipitation at Byrd is high compared to other loca-
tions. Except at Byrd, the modeled precipitation is lower
than the measured accumulation presented in the liter-
ature, the difference being largest for Dome F and Vos-
tok and in agreement with Turner et al. (1999). They

compared annual mean accumulation (precipitation mi-
nus evaporation) in ERA-15 with an accumulation dis-
tribution compiled from measurements, presented by
Giovinetto and Bentley (1985). Turner et al. (1999)
show that on West Antarctica, ERA-15 accumulation
resembles the measured accumulation while on East An-
tartica the model consistently underestimates precipi-
tation. The underestimation could be due to an under-
estimation of clear sky precipitation. However, due to
the small amount of precipitation associated with clear-
sky precipitation a more likely explanation is an un-
derestimation of the frequency and intensity of major
snowfall events in the model.
Figure 2 presents the magnitude distribution of pre-

cipitation events based on 12-hourly totals. As expected
from the described precipitation mechanisms and annual
mean temperatures, the contribution of smaller events
increases with increasing elevation and distance from
the coast. At Vostok and Dome F, all events are smaller
than 1 mmwe, while at Byrd �45% of the total precip-
itation is caused by events larger than 1 mmwe. Dome
C is slightly more continental than DML05, given the
fact that �50% of the precipitation is derived from
events smaller than 0.25 mmwe at Dome C compared
to �38% at DML05. Vostok is the most continental
station, with �86% of the total precipitation caused by
events smaller than 0.25 mmwe. Annual distributions
(not shown) are similar to the 15-yr distribution in Fig.
2. The largest events do not occur each year and con-
tribute significantly to the interannual variability in pre-
cipitation. The smallest events (�0.1 mmwe) contribute
an equal amount at all stations each year (�2.5 mmwe).
In the model, the precipitation is mainly defined by

a large number of small events, while in reality the
precipitation is dominated by several major events (Fig.
3). Measurements with a sonic altimeter at DML05 (Fig.
3b) show that �40% of the annual accumulation was
deposited in �35 events of 10 mmwe (�0.03 m of
snow) per year. Events in which �0.06 m of snow ac-
cumulates in 12 h occur �6 times per year and con-
tribute �20% to the total accumulation. The occurrence



15 JULY 2002 1961R E I J M E R E T A L .

FIG. 4. Monthly and annual averaged accumulation at (a) DML05
and (b) Dome C over the ERA-15 period. Thin solid lines are monthly
totals (left axis) and thick solid lines are the annual totals (right axis).

FIG. 5. Annual cycle in model precipitation based on monthly averages for (a) DML05 and (b) Dome C. The error bars denote the std
dev in the 15-yr mean.

of several large events instead of many small events in
the measurements suggests that the intensity of the larg-
er events is underestimated in the model and not all
small events in the model are realistic. This is the reason
to take only the larger events into account in the tra-
jectory analysis.
Figure 4 presents total annual and monthly precipi-

tation at DML05 and Dome C for the ERA-15 period.
The variability, presented as the standard deviation in
the 15-yr annual mean (Table 1), is considerable. At
Dome C the interannual variability is �50% of the an-
nual mean precipitation. The annual time series are not
well correlated. Except for the correlation between
Dome C and Vostok, which is 0.75, the correlation co-
efficients are smaller than 0.45 and not significant at the
5% level. On shorter timescales, the records are not
well-correlated either. Correlation between separate
events is only significant between Dome C and Vostok.
The precipitation at Vostok appears to lag 0 to 12 h
behind Dome C, with a maximum correlation of 0.35
at 0-h time shift. The lack of correlation between any
of the other stations is probably caused by the consid-

erable distance between the stations: �1000 km com-
pared to �600 km between Dome C and Vostok.
Figure 5 presents the mean annual cycle in precipi-

tation for DML05 and Dome C. All stations show an
increase in precipitation in the winter months. This was
also found in measurements (Bromwich 1988) and mod-
el results (Cullather et al. 1998; Delaygue et al. 2000).
The seasonal cycles at Dome F and Dome C are very
similar and show a maximum in July. At DML05 and
Byrd a maximum is found in May. Seasonally averaged,
most precipitation at DML05 occurs in autumn (37%)
and at Dome C and Dome F in winter (37% and 35%,
respectively). At Vostok, most precipitation occurs in
the summer months (30%) and at Byrd, precipitation is
highest in autumn and winter (33% and 30%, respec-
tively).

4. Results of trajectory calculations
a. Mean trajectories

Figure 6a presents the mean of all trajectories and
Fig. 6b the mean of the snowfall trajectories, averaged
over the ERA-15 period, at six different pressure levels
(Table 2). Means are calculated by averaging the po-
sitions of the trajectories per time step over a sphere.
All trajectories show a cyclonic curvature reflecting the
substantial influence of cyclones on the air parcel paths
over Antarctica. The radius of curvature is smallest for
the stations closest to the coast, Byrd and DML05,
where cyclonic influences are largest. The radius of cur-
vature increases with increasing arrival altitude due to
the increase in advection speed. The lower trajectories
arriving at Dome F, Vostok, and Dome C mostly remain
over the continent, while at Byrd and DML05 most air
parcels partly travel over the ocean. Due to the higher
wind speeds at higher altitudes, the distance travelled
by air parcels arriving at higher altitudes is larger, at
level 6 about twice as large as at level 1, and their origin
is farther north and west. At Vostok and Dome C, the
lower levels have more western pathways compared to
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FIG. 6. Mean 5-day backward trajectories starting at six different
pressure levels above the surface (Table 2; highest level is 6). Each
day back is marked with a plus sign and the asterisks denote the
arrival locations: (a) the mean of all trajectories and (b) the mean of
the snowfall trajectories. In (b) the trajectories arriving at Vostok are
gray with italic labels to distinguish them from the Dome C trajec-
tories.

the higher levels, while at the other stations the path-
ways are more western with increasing altitude. Espe-
cially the pathways of the lower trajectories are influ-
enced by the surface, which results in an abrupt anti-
cyclonic turn in the last day before arrival. The arrival
directions are mainly from the northeast at DML05 and
Byrd, and south to southwest at Dome F, Dome C, and

Vostok. This corresponds to the dominant wind direction
near the surface at these locations, which is determined
by the direction of the katabatic flow.
The snowfall trajectories presented in Fig. 6b are

clearly different and originate from locations farther
north. The mean distance travelled by a snowfall air
parcel is about twice as large compared to nonsnowfall
air parcels (�3500 km vs �1750 km). At Byrd and
DML05, the trajectories also originate from farther west.
At Dome F, Vostok, and Dome C, the trajectories are
shifted to the east when compared to the mean of all
trajectories. The resulting trajectories arriving at Vostok
show that the air parcels travelled over Dome C before
arrival and originate from about the same region. This
could partly explain the correlation between precipita-
tion at Dome C and Vostok. However, the overlap and
correlation could also be due to the faulty station ele-
vation of Vostok in the model, resulting in a systematic
error in the atmospheric circulation in this area.
The different nature of the snowfall trajectories is

further illustrated in Fig. 7, which presents pressure and
equivalent potential temperature �e along the average
trajectories arriving at DML05, at 625 hPa (level 4), the
level closest to the maximum in poleward moisture
transport, �60 hPa above the surface (Noone et al.
1999). Results for the other locations are similar. Figure
7a shows that on average snowfall trajectories are sit-
uated at higher pressure levels and have higher surface
pressure along their path, which means that snowfall
trajectories travel closer to the surface and closer to sea
level. Air parcels in snowfall trajectories are therefore
more likely to interact with the surface. However, the
exact location of moisture uptake is difficult to asses.
The figure does not show whether the parcels are in the
boundary layer and whether surface evaporation occurs.
Figure 7b presents �e, the temperature a parcel would

have when brought adiabatically to 1000 hPa with all
its moisture condensed and the resulting latent heat used
to warm the parcel. The figure shows that snowfall tra-
jectories are relatively warm and moist compared to all
trajectories. Their temperature (not shown) is 10� to
15�C higher and remains fairly constant until the con-
tinent is reached, �1 day before arrival. The specific
humidity for the snowfall trajectories (not shown) is also
fairly constant until the continent is reached with a small
maximum �4 days before arrival. The mean specific
humidity for all trajectories is much lower owing to the
lower temperature, and decreases in a linear fashion.
Seasonally (not shown) the small maximum in specific
humidity varies between 3 days before arrival in summer
to 5 days in autumn.
The above suggests that snowfall trajectories best de-

scribe the moisture transport to Antarctica. Therefore,
in the remaining part of this paper only results from
snowfall trajectories are described. Parcels arriving at
level 4 are taken to represent the largest moisture trans-
port. The maximum in specific humidity 3 to 5 days
before arrival and the proximity of the sea surface in
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FIG. 7. (a) Mean pressure, (b) equivalent potential temperature of snowfall and all trajectories arriving at DML05 at 625 hPa (level 4); P0
is surface pressure (squares) and Ptr is trajectory pressure (dots).

FIG. 8. Mean 5-day backward trajectories arriving at level 4 above
the surface. Different seasons are denoted by DJF (summer), MAM
(autumn), JJA (winter), and SON (spring). Trajectories arriving at
Vostok are gray with italic labels to distinguish them from the Dome
C trajectories.

that time suggests that the origin of the moisture lies 3
or more days before arrival. Reijmer and van den Broeke
(2001) show for an individual snowfall event that only
�5% of the moisture precipitating at DML05 originates
more the 5 days before arrival and �50% originates�3
to 5 days before arrival. On a 15-yr average the amount
of moisture originating more than 5 days before arrival
is larger although a small maximum in specific humidity
does occur �4 days before arrival. The location of the
air parcels 4 days before arrival will therefore be taken
as representative for the main potential source region
for moisture.
Judging from the general cyclonic curvature of the

trajectories, the air parcel paths are likely to be influ-
enced by the seasonality in strength and location of
cyclones. However, Reijmer and van den Broeke (2001)
did not find a clear annual cycle for 1998. This could
be due to the short time period, while 5 to 10 years of
precipitation data are necessary to obtain a significant
seasonal cycle in precipitation. Figure 8 shows season-
ally averaged snowfall trajectories. In summer [Decem-
ber–January–February (DJF)] when cyclones are less
intense and travel at farther distance from the continent,
the cyclonic curvature of the trajectories is small and
the air parcels have their most southern and eastern
origin. In the autumn and spring [March–April–May
(MAM) and September–October–November (SON)],
when the surface pressure shows a minimum and cy-
clones are most intense and travel closest to the con-
tinent, the trajectories show their most western origin
and air parcels travel the largest distances.Winter [June–
July–August (JJA)] trajectories are similar to autumn
and spring, but have a slightly more northern origin. At
Byrd, the seasonal shift is smallest, while at Vostok the
seasonal shift is largest. Here, the cyclonic curvature is
entirely absent in summer.
Assuming that the moisture source of Antarctic pre-

cipitation lies somewhere along the 5-day mean snow-
fall trajectory, we speculate that the moisture sources
for the precipitation is located between 50� and 60�S
for all five locations. At DML05 the moisture originates
probably from the western part of the South Atlantic
Ocean in agreement with Reijmer and van den Broeke
(2001). At Dome F, Vostok, and Dome C, the Indian
Ocean provides the moisture. The source region of Vos-
tok and Dome C precipitation is at almost the same
location, in the eastern part of the Indian Ocean. Pre-
cipitation at Byrd comes from the Pacific Ocean.

b. Moisture source regions

To get a better insight in the actual contribution of
the various oceans and latitude bands to the precipitation
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FIG. 9. Percentage of the snowfall trajectories arriving at level 4
distributed over the five ocean regions, for days (a) 1 and (b) 4 before
arrival. Ocean regions are defined in the text and in Fig. 1.

at the five drilling sites, the Southern Hemisphere is
divided in five regions similar to the regions presented
by Reijmer and van den Broeke (2001): the southern
Atlantic Ocean (70�W–20�E), the southern Indian Ocean
(20�–145�E), the southern Pacific Ocean (145�E–70�W),
the Southern Ocean (between the Antarctic continental
boundaries and 65�S), and the Antarctic continent (Fig.
1). Furthermore, the Southern Hemisphere is divided
into six latitude bands bound by 40�, 50�, 60�, 70�, 80�,
and 90�S. Figure 9 presents the percentage of the snow-
fall trajectories distributed over the five ocean regions
1 and 4 days before arrival. The air parcels arrive at
level 4 (Table 2).
Figure 9a shows that 1 day before arrival at Dome F,

Vostok, and Dome C, most air parcels (45%–85%) are
above the Antarctic continent. At DML05 and Byrd,
which are located closer to the coast, more than 50%

of the snowfall trajectories are still over the Southern
Ocean. From days 2 to 5, the contribution of the con-
tinent and Southern Ocean decreases and the contri-
bution of the ocean closest to the station increases. The
larger the distance from the coast, the larger the amount
of trajectories that remain over the Southern Ocean or
continent. The main moisture contributor for DML is
the Atlantic Ocean, with �60% of the trajectories lo-
cated there 3 to 5 days before arrival. Due to the cyclonic
curvature of the trajectories, the contribution of the Pa-
cific Ocean increases with increasing time before arrival
at DML05, to 10% at day 5. The contribution of the
Indian Ocean is �7%. These results are similar to the
results presented by Reijmer and van den Broeke (2001)
for 1998, and to the present-day climate simulation of
Delaygue et al. (2000), although the contribution of the
Pacific Ocean is larger in the latter and smaller in the
former. At Dome F, the contribution of the Indian Ocean
dominates, and varies between 45% and 65%. The con-
tribution of the Atlantic Ocean is �25%. The influence
of the Pacific Ocean on Dome F is negligible. At Vostok,
the contribution of the Atlantic Ocean is �7%, and is
of the same magnitude as the contribution of the Pacific
Ocean. The main contributor of moisture to the snowfall
at Vostok is the Indian Ocean (30%–45%), and the con-
tribution of the continent remains larger than 25%. In
comparison, Delaygue et al. (2000) show a contribution
of the continent of less than 10% to the precipitation at
Vostok. In their study, the Indian Ocean is also the main
contributor, but the contribution of the Indian Ocean as
well as the Atlantic and Pacific Ocean is higher. At
Dome C, the contribution of the Atlantic Ocean is neg-
ligible. About 60%–75% of the snowfall originates from
the Indian Ocean. Although located reasonably close to
the Pacific Ocean, the contribution of the Pacific Ocean
is only 8% to 15%, due to the cyclonic curvature of the
trajectories. The main moisture source for Byrd is the
Pacific Ocean (65%–75%). The contribution of the In-
dian Ocean to the precipitation at Byrd is surprisingly
small, �5%. The contribution of the Atlantic Ocean is
negligible. The small influence of the Indian Ocean on
Byrd is caused by the small curvature in the mean snow-
fall trajectories.
Figure 10 presents the percentage of precipitation of

which the trajectories are located in six latitude bands,
4 days before arrival. The air parcels arrive at level 4
(Table 2). The contribution of different latitude bands
to the precipitation is very similar for all stations. A
maximum contribution of �30% is found between 50�
and 60�S. About 75% is contributed by the latitude band
40�–70�S. Less than 10% originates from north of 40�S.
At Vostok and to a lesser extend at Byrd, the maximum
is located closer to the continent, between 70� and 80�S
for Vostok and 60�–70�S for Byrd. This suggests a con-
siderable contribution of the Southern Ocean to the pre-
cipitation at Vostok. However, the systematic error in
the atmospheric circulation for Vostok and to a lesser
extend Dome C (Bromwich et al. 2000) could influence
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FIG. 10. Percentage of precipitation for which the trajectories are
located in six latitude bands, bounded by 40�, 50�, 60�, 70�, 80�, and
90�S 4 days before arrival at level 4.

FIG. 11. Percentage of the snowfall trajectories distributed over the (a), (b) ocean regions and (c), (d) latitude bands per season. The
regions are defined in the text. The location is taken 4 days before arrival at level 4 at (a), (c) DML05 and (b), (d) Dome C. Dashed lines
indicate the latitude location of the stations.

these results. The ocean regions are not very sensitive
to this error due to the general cyclonic curvature of
the trajectories and the location of the stations in the
eastern sector of the Indian Ocean. Different advection
speeds could, however, change the latitude region from
which the parcels originate.
We briefly looked at seasonal cycles in the ocean and

latitudinal distribution. Figure 11 presents the ocean and
latitude distribution per season for DML05 and Dome
C. In winter, the trajectories have their most northern
origin, which is reflected in the largest contribution of

the ocean closest to the stations in this season (Figs.
11a,b). The radius of curvature is smallest in the equi-
noctial seasons at all stations, which results in the largest
contribution of the ocean west of the closest ocean in
these seasons, for example, Pacific Ocean at DML05
and Atlantic Ocean at Dome F. At Dome C, the con-
tribution of the Indian Ocean is smallest and that of the
Pacific Ocean is largest in summer. At Vostok the con-
tribution of the Indian and Pacific Ocean are similar in
summer, while in the other months the Indian Ocean
dominates (not shown). At Byrd, the east–west differ-
ences are small and seasonality is most pronounced in
latitude distribution.
Figure 11c shows that there is no significant season-

ality in the latitude distribution of the potential moisture
sources of DML05. The maximum is always between
50� and 60�S. The magnitude of the maximum is largest
in autumn when most precipitation occurs. The contri-
bution to the total precipitation of this season and lat-
itude band is�12%. At Dome F, the maximum is located
most northerly in autumn and winter, and moves south
in spring and summer. Because most snow at Dome F
falls in winter, this maximum at low latitudes in summer
has only a small effect on the annual distribution (Fig.
10). The distribution at Vostok is similar to Dome F. In
winter and spring most moisture originates from 50�–
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60�S, in summer from south of 70�S. Because the pre-
cipitation is fairly evenly distributed over the seasons
at Vostok, the shift south of the moisture origin is clearly
visible in the annual distribution (Fig. 10). The distri-
bution at Dome C is similar to Dome F and Vostok,
although the maximum shift south occurs in autumn
(Fig. 11d). Almost half of the annual 55% from band
40�–60�S at Dome C is contributed in winter. At Byrd,
the location of the source region is most south in sum-
mer and most north in winter. The maximum contri-
bution occurs in autumn and winter from latitude band
50�–70�S.

c. Interannual variability
Figure 12 presents the annual mean latitude location

of the air parcels 4 days before arrival at level 4 for
DML05 and Dome C. The average location is at �60�S
for all stations, except Vostok. The interannual vari-
ability expressed in the standard deviation in the 15-yr
mean increases with increasing distance from the coast
of the arrival location from 2.0 at DML05 to 4.9 at
Vostok. For individual years, temporal variability is
larger when the average location is located more to the
south. For example, the standard deviation in the annual
mean increases in a linear fashion from 2.0 to 3.0 when
the average location for DML05 moves from 58� to
66�S. In the 15-yr ERA period, there is a trend north-
ward of this region for all stations except Dome C. The
trend is, however, only significant at the 5% level at
DML05. At Dome C there is a significant trend south-
ward. There is no clear explanation for this trend.
Except at Vostok, a southward migration of the av-

erage location goes together with an eastwardmigration.
The interannual variability in longitude location is con-
siderable (Figs. 12c,d) and is of the same order of mag-
nitude as the seasonal variability. The standard deviation
in the 15-yr mean is 9.9 at DML05 and 4.9 at Dome
C. There is no significant trend at any of the stations.
The large variability can result in a shift in main ocean
contribution. At Vostok the shift is largest and varies
from the Atlantic Ocean in 1982 to the Pacific in 1987
and 1991 (not shown).
The location of the parcels is an intricate function of

the strength and tracks of cyclones, and is therefore
related to the annual mean precipitation, temperature,
and pressure. In general, at DML05, Dome F, and Dome
C this relation results in a potential moisture source
region located more south in years with high annual
mean temperature, high surface pressure, and high pre-
cipitation, while at Vostok and Byrd the potential source
regions are located more south in years with less pre-
cipitation and lower surface pressure and temperature.

5. Summary
Potential moisture source regions for snow falling at

five locations on Antarctica were determined using 5-

day backward air parcel trajectories based on the Eu-
ropean Centre for Medium-RangeWeather Forecasts 15-
yr reanalysis data (ERA-15). Five ice core drilling sites
(Byrd, DML05, Dome C, Dome F, and Vostok) were
chosen as arrival points. A distinction is made between
trajectories with and without snowfall at arrival, based
on model precipitation. Trajectories were marked as
snowfall trajectories when at least 1.0, 0.35, 0.25, 0.20,
and 0.15 mmwe of snow accumulated in the 12 h pre-
ceding the parcel arrival at Byrd, DML05, Dome C,
Dome F, and Vostok, respectively, ensuring that �50%
of the total annual model precipitation is represented in
the snowfall trajectories.
The model precipitation at Byrd is in reasonable

agreement with measured accumulation, but on the East
Antarctic ice sheet, where the other sites are located,
the model seriously underestimates precipitation, prob-
ably due to an underestimation of the frequency and
especially intensity of major snowfall events in the mod-
el as shown by measurements. Another explanation
could be the underestimation of clear sky precipitation
in the model. The underestimation of precipitation over
the East Antarctic plateau results in a representation in
the snowfall trajectories of only �25% of the total mea-
sured accumulation. However, when most of the un-
derestimation is explained by an underestimation of
snowfall intensity most snowfall events are represented
in the analysis, which will give a reasonable estimate
of potential source region. Averaged over the 15-yr pe-
riod, the model precipitation shows a seasonal cycle.
Peaks are found at DML05 and Byrd in autumn, at
Dome C and Dome F in winter and at Vostok in summer.
However, the temporal variability is considerable.
The mean trajectories show a cyclonic curvature re-

flecting the substantial influence of cyclones on air par-
cel pathways over Antarctica. Snowfall trajectories are
about twice as long as nonsnowfall trajectories and orig-
inate generally from farther north and west. There is a
seasonal shift in the mean snowfall trajectories. In sum-
mer, the air parcels originate on average more from the
south and east, while in winter mostly from the north,
and in autumn and spring mostly from the west. The
annual variations in potential moisture source region are
a function of variations in strength and tracks of cy-
clones, in the extent of sea ice, in altitude of the parcels,
and in stability of the atmosphere. Assuming the air
parcels are close enough to the surface to interact with
the surface, we define the location of the air parcels 4
days before arrival as an indicator of the main potential
source region. Trends in this location will then represent
a trend in source region. The temporal variability in
moisture source region is on the order of 3� latitude.
During the period under consideration (1979–93), a sig-
nificant trend northward in moisture source region is
found for DML05, and a significant trend southward for
Dome C.
If the assumption is made that the spread in air parcel

locations 4 days before arrival at level 4 is representative
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FIG. 12. Annual mean (a), (b) latitude and (c), (d) longitude position of trajectories 4 days before arrival at level 4 at (a), (c) DML05 and
(b), (d) Dome C. The error bars denote 1 std dev from the mean.

for the source region distribution, we conclude that
moisture sources for precipitation are generally located
between 50� and 60�S in the ocean closest to the arrival
point. This region contributes �30% to the total annual
precipitation. Previous estimates of the source regions
of Antarctic snow scatter considerably, from 8�–40�S
(Peixoto and Oort 1992) to 55�–60�S (Delmotte et al.
2000). Our results clearly support the more southerly
origin. Owing to the cyclonic curvature of the trajec-
tories and the westerly flow at �50�S this result holds
even when the day-4 assumption is incorrect. The lat-
itude band 40�–70�S, which is the area north of the sea-
ice edge, contributes �75%. The sea surface tempera-
tures in this latitude band range between 0� and 20�C.
This results in a main contribution of the Atlantic Ocean
for precipitation at DML05 (55%–65%); the Indian
Ocean at Dome F (45%–65%), Vostok (30%–45%), and
Dome C (60%–75%); and the Pacific Ocean at Byrd
(65%–75%). The trajectories show seasonal dependen-
cy, resulting in a seasonal cycle in the moisture sources.
The seasonal cycle is enhanced by that in the precipi-
tation. Due to the cyclonic curvature of the trajectories
the systematic error in the atmospheric circulation in
the model due to a faulty elevation of Vostok station
(Bromwich et al. 2000) will not change the results sig-
nificantly.
The snowfall trajectories arriving at Vostok pass over

Dome C 12 h before arrival. This partly explains the

correlation between precipitation at Dome C and Vos-
tok. The potential source region for precipitation at Vos-
tok is south of the source region of Dome C, although
some overlap is present. Therefore, the ice core records
are also likely to show similarities, assuming that the
general circulation patterns and resulting snowfall tra-
jectories remained reasonably constant over time and
the error in the atmospheric circulation in the model
reported by Bromwich et al. (2000) will not have a major
impact on the calculated trajectories. Note that the re-
sults presented here are based on the present-day cli-
mate. No attempt has yet been made to extend the results
to past climates.
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