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Free and Laterally Nudged Antarctic Climate of an Atmospheric
General Circulation Model

CHRISTOPHE GENTHON, GERHARD KRINNER, AND EMMANUEL COSME
Laboratoire de Glaciologie et Géophysique de I’ Environnement, CNRSOSUG, Saint Martin d’'Heres, France

Because many of the synoptic cyclones south of the 60°S parallel originate from 60°S and lower latitudes,
nudging an atmospheric general circulation model (AGCM) with meteorological analyses at the periphery of
the Antarctic region may be expected to exert a strong control on the atmospheric circulation inside the region.
Here, the ECMWF reanalyses are used to nudge the atmospheric circulation of the Laboratoire de Météorologie
Dynamique Zoom (LMD2Z) stretched-grid AGCM in a 15-yr simulation spanning the 1979-93 period. The
horizontal resolution (grid spacing) in the model reaches ~100 km south of 60°S. Nudging is exerted along the
60°S parallel, and thisis called lateral nudging for the Antarctic region. Nudging is also performed farther north,
near 50° and 40°S, but this is not essential for the results discussed here. Surface pressure and winds in the
atmospheric column are nudged without relaxation to maximize control by the meteorological analyses, at the
expense of some “‘noise”’ confined to the latitudes where nudging is exerted. The performances of lateral nudging
are evaluated with respect to station observations, the free (unnudged) model, the ECMWF reanalyses, and in
limited instances with respect to nudging the surface pressure only. It is shown that the free model has limited
but persistent surface pressure and geopotential defects in the Antarctic region, which are efficiently corrected
by lateral nudging. Also, the laterally nudged simulations confirm, and to some extent correct, a geopotential
deficiency of the ECMWF reanalyses over the east Antarctic continent previously identified by others. The
monthly mean variability of surface climate at several stations along a coast-to-pole transect is analyzed. A
significant fraction of the observed variability of surface pressure and temperature is reproduced. The fraction
is often less than in the reanalyses. However, the differences are not large considering that the nudged model
is forced at distances of hundreds to thousands of kilometers whereas the reanalyses are forced at much shorter
distances, in principle right at each station site by the very station data. The variability of surface wind is
significantly less well reproduced than that of pressure and temperature in both the nudged model and the
reanalyses. Carefully adjusted polar physicsin the LMDZ model seemsto compensate for a distant observational
constraint in the cases when the nudged model results appear similar or even superior to the reanalyses. Lateral
nudging is less computationally intensive than global nudging, and it induces realistic variability and chronology
while leaving full expression of the model physics in the region of interest. Laterally nudging an AGCM with
meteorological analyses can offer complementary value over the analyses themselves, not only by producing
additional atmospheric information not available from the analyses, but also by correcting possible regional
defects in the analyses.

1. Introduction

An atmospheric general circulation model (AGCM)
run over periods longer than a few days produces me-
teorological information in the climate sense, that is,
information that may (and should) statistically but not
chronologically resemble the real atmospheric circula-
tion. Here and throughout the paper, chronology refers
to variability at various timescales, which sequentially
coincides and thus correlates with actual observations.
Exploiting statistics, rather than chronological infor-
mation, requires that data series are long enough to ad-
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equately sample means, variability, and trends of inter-
est. As a consequence, the verification and exploitation
of AGCM climate results often require long and/or en-
semble runs. In addition, the validation and utility of
even long runs may be limited if the available series of
observations are short or incomplete. Chronology, on
the other hand, would allows direct event-by-event com-
parison and validation.

Also, although they are global models, AGCMs are
often used for regional studies of the atmospheric cir-
culation and climate. This is the case in particular, but
certainly not exclusively, when evaluating the regional
signature and impact of global climate change. Regional
climate is determined by regional processes and bound-
ary conditions as well as by atmospheric circulation
features outside the region of interest itself. For instance,
regional precipitation is determined both by local ther-



modynamical processes (e.g., radiative cooling, con-
vective instability, topographic uplift within the region)
and by external circulation characteristics(e.g., dynamic
convergence at the periphery). Sorting out internal and
external contributions to analyze regional climate, or
even to simply diagnose the sources of a regional de-
ficiency in an AGCM, is generally not an easy task.

The two points made above about AGCMs, the lack
of chronological information to compare with observa-
tion on the one hand, and the difficulty of sorting out
local and external forcing of regional climate featureson
the other hand, may be both addressed by assimilation
of observational data. Generally speaking, assimilation
is a combination of observations and of mathematical
formulations of physical laws to build an optimal picture
of the real world (Talagrand 1997). In the context of
climate modeling, data assimilation is a generic term for
the many methods used to force a model toward reali-
zationsthat are compatible, not only with the model phys-
ics and boundary conditions, but also with the obser-
vations when and where they are available. In particular,
continuous assimilation of observations through time can
force arealistic chronology in a model, to an extent that
varies with the strength of the observational constraint.
This is clearly relevant to the first point raised above.
Probably the simplest method of data assimilation in an
AGCM isthe so-called nudging, or Newtonian relaxation
of model variables toward observed variables of the at-
mospheric circulation (e.g., Jeuken et al. 1996). If data
assimilation, for example, nudging, is performed at the
periphery of aregion of particular interest, then the at-
mospheric circulation is constrained at the periphery and
for the nudged variables. The constraint can be expected
to decrease progressively in the interior of the region as
distance from the periphery increases, and in principle
the model is free for the variables that are not nudged.
Therefore, some processes in the interior of the region
may be entirely determined by the model whereas others
at the periphery and to some extent in the interior are
constrained by nudging. This is relevant to the second
point raised above.

Meteorological analyses are built using complex and
computationaly intensive four-dimensional data assim-
ilation methods which, in practice, are only remotely
related to the simple nudging technique. The meteoro-
logical analyses produced by large weather forecasting
centers like the European Centre for Medium-Range
Weather Forecasts (ECMWF) areglobal with fine spatial
(currently less than 100 km) and temporal (6 h) reso-
lution. Thus, because full spatial and temporal coverage
is available, meteorological analyses rather than direct
observations can be preferred for nudging the atmo-
spheric circulation of AGCMs (Jeuken et al. 1996),
keeping in mind that analyses are not observations and
may have biases. Nudging with observations or mete-
orological analyses, and thus tentatively correcting at-
mospheric circulation errors and forcing realistic chro-
nology in an AGCM, has also been used to analyze the

distributions and history of tracers and chemical species
in models (Feichter and Lohmann 1999; Hourdin and
Issartel 2000).

We present here the results of an AGCM simulation
in which meteorological analyses are used to nudge the
peripheral circulation of the Antarctic region. The Ant-
arctic circumpolar atmospheric circulation is character-
ized by successions of low pressure systems revolving
eastward around the Antarctic ice sheet. From the ac-
cumulation of low pressure systems results the well-
known Antarctic trough, the band of lowest zonal mean
pressure on Earth at about 65°—68°S, with monthly mean
values reaching 980 hPa in austral spring (King and
Turner 1997). Many of the depressions actually develop
at lower latitude, near 60°S or farther north (King and
Turner 1997), then spiral toward the Antarctic continent.
Therefore, one may expect that by forcing the atmo-
spheric circulation near 60°S, one largely impacts on
the atmospheric circulation at higher latitudes even if
the model is kept entirely free of forcing inside the
Antarctic region itself. Here, the Antarctic region is de-
fined as the region south of 60°S.

The Laboratoire de Météorologie Dynamique Zoom
(LMDZ) AGCM isused in the present study. The LMDZ
model is designed in a way that allows stretching of the
global grid in order to refine horizontal resolution (grid
spacing) over aregion of particular interest. An Antarctic
““zoom” is used here (Krinner et al. 1997), which is
further described along with the model itself in section
2a. The meridiona resolution over the Antarctic region
reaches 100 km. Fifteen-year Atmospheric Model Inter-
comparison Project (AMIP) simulations are performed
with and without nudging by the ECMWF reanalyses
(Gibson et a. 1997). Nudging is performed near 60°S,
as well as at two lower latitudes. This is referred to as
lateral nudging for the Antarctic region. Only winds and
surface pressure are nudged. The simulations and the
nudging method are detailed in section 2b. Severa as-
pects of the mean global and Antarctic atmospheric cir-
culation in the free (not nudged) and in the laterally
nudged simulation are analyzed in section 3. In section
4, the monthly mean variability of surface climate at
several stations along a coast-to-pol e transect isanalyzed.
To assess the performance in reproducing the monthly
chronology, the fraction of the observed variability that
is reconstructed by the laterally nudged model is eval-
uated through correlations with the observations. The
amplitude of this variability is also evaluated. For com-
parison, the same evaluations are performed on ECMWF
meteorological analysesthat arein principle, but in prac-
tice not necessarily, forced right at each station site by
the very station data. Results from sections 3 and 4 are
summarized and concluded in section 5.

2. Experimental setting: Model, nudging, and
simulations

a. The LMDZ AGCM and Antarctic zoom

The LMDZ AGCM is a model developed by the La-
boratoire de Météorologie Dynamique (LMD, Paris,



France), inherited from a series of models dating back
to the original work of Sadourny and Laval (1984). In
the model, a dynamic framework resolves the atmo-
spheric primitive equations on an Arakawa C grid, and
a complete physical package describes subgrid pro-
cesses including turbulence and convection, atmospher-
ic and soil hydrology including clouds and precipitation,
and radiation transfer. The model took the name LMDZ
when aprovision for stretching thegrid and thus** zoom-
ing”’ (refining) the horizontal resolution over regions of
particular interest was implemented. A first version of
the LMDZ model was validated and used with particul ar
interest and zoom over the Antarctic region by Krinner
et al. (1997). Differences with the Krinner et a. (1997)
version include the following: a mixed sigma-pressure
vertical discretization, whereby the lower levels are de-
scribed in sigma coordinates and the higher levels in
pressure coordinates with a smooth transition in be-
tween; a mass flux parameterization for moist convec-
tion; a larger number of grid points in longitude (96
instead of 72) and latitude (72 instead of 64) and alarger
number of vertical layers (19 instead of 15); and a dif-
ferent distribution of grid points in latitude (discussed
below).

The improvements developed in Krinner et al. (1997)
for polar climate modeling (boundary layer fluxes, sea
ice fraction, Antarctic topography and orography, and
snow abedo) in a previous version of the model are
also implemented in the current version. Vertical dis-
cretization is chosen to favor resolution in the boundary
layer and thus, hopefully, the simulation of turbulent
fluxes and katabatic winds, which are essential features
of the climate of the Antarctic ice sheet. At sea level,
the mean elevation of the first six layers above the sur-
face are approximately 12, 50, 125, 270, 540, and 980
m. The 10th layer is in the midtroposphere (~5600 m),
the 15th layer is in the higher troposphere or lower
stratosphere (~15 000 m), and the top layer is at about
30 000 m.

Because the Antarctic continent is roughly axialy
symmetrical around the South Pole, grid stretching in
the zonal direction is not justified for our study. In ad-
dition, because the meridians converge at the poles, even
a modest nominal grid spacing of 3.75° in longitude
results in quite high geographical resolution at high lat-
itudes: 200 km at 60°S, 140 km at 70°S, 100 km at 75°S,
and 70 km at 80°S. In practice, such resolution can only
be reached with a time step small enough to ensure
numerical stability. This is not realized in regular grid
AGCMs when atime step is selected to ensure stability
in the low and midlatitudes. A zonal Fourier (or another
kind of) filter is applied at high latitudes to smooth out
instabilities, a procedure that in practice degrades zonal
resolution. With such afilter, the LMDZ model with 96
X 72 regularly distributed grid points can be run with
a 4-min time step for the dynamics (a 30-min time step
is customarily used for the physics). Here we use a 90-
s time step, which provides access to the true geograph-
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Fic. 1. Meridional resolution (grid spacing) as a function of
latitude (negative latitude for the Southern Hemisphere).

ical zonal resolution up to 75°S. Meridional resolution
is increased accordingly over the Antarctic region by
stretching the grid along the latitudes as shown in Fig.
1. Resolution is almost regular and slightly less than 1°
in the 65°-75°S region, which, except for mountains, is
the region where the mean coastal slope is largest and
where high resolution isthus particularly important. Me-
ridional grid spacing increasesalmost linearly from 60°S
to the equator and remains at about 6° in much of the
low and midlatitudes of the Northern Hemisphere. Grid
spacing decreases again near the North Pole to limit
grid anisotropy in the north polar region.

In spite of a small time step, and because the number
of grid points is low compared to a model that would
be uniformly fine with a 1° resolution over the Antarctic
region and elsewhere, computing cost is moderate. Re-
sults presented here are from 15-yr (AMIP |1 boundary
conditions for 1979-93) simulations with the free and
the nudged models.

b. Nudging and simulations

Traditionally, nudging a model is relaxing the model
results toward observations (or analyses) at given in-
tervals (Jeuken et al. 1996). For a nudged variable X,

Xn = Xm + CN(XQ - Xm)!

where X,, is the value of X produced by the free model
between two nudging steps, X, is the observation value
at nudging time step, and X, is the value of X after the
nudging step. In addition, C, isanudging factor of value
between 0 (no nudging, free model) and 1 (absolute
nudging).

Here, we use the ECMWF reanalyses (ERA; Gibson
et al. 1997) to nudge the atmospheric circulation near
60°S (exactly at 60.03°S, the nearest model latitude) of
the LMDZ model with an Antarctic zoom as described
in section 2a. The analyses of zonal and meridional wind
and of surface pressure are used. The analyses are in-
terpolated to each of the 96 zonal grid points along the
60°S paralel. Because a staggered C grid is used, the
zonal wind and the pressure are interpolated on stag-
gered longitudes. For the same reason, the meridional
wind is interpolated on the same zona grid points as
pressure, but along the 60.62°S parallel. Because the



FiG. 2. The nudged parallels at 60.02°, 51.13°, and 39.92°S (bold
circles). Surface pressure and zona winds are nudged along these
parallels. Meridional winds are nudged slightly south of these par-
alels due to the staggered model grid. Thelocations of stations DDU,
DC, VK, and SP (see text) are also shown. Latitude circles (thin
circles) are every 10°.

ECMWF AGCM is a spectral model, horizontal inter-
polation is spectral. Winds are extracted on the 1000-,
925-, 850-, 700-, 500-, 400-, 300-, 250-, 200-, 150-, and
100-hPa levels. Vertical linear interpolation is per-
formed at each time step and at each nudged model grid
point to provide wind at each of the model levels. In
principle, because the 60°S parallel runs over the ocean
at al longitudes, no topographic correction is necessary
for surface pressure. However, the ECMWF model is
spectral and the elevation of the surface of the oceanis
thus not consistently zero. Surface pressure is corrected
accordingly using the hydrostatic equation. In fact, in
the results presented here, the LMDZ atmospheric cir-
culation is also nudged near the 50°S (at 51.13°S) and
the 40°S (at 39.92°S) parallels. Along these paralels,
which partially run over continents and mountain rang-
es, corrections for surface topography differences be-
tween the model and the analyses are more important
and may be sources of errors. Experiments have shown
that forcing at latitudes other than 60°S is not essential
for Antarctic studies although it slightly improves the
rendering of the atmospheric circulation. In fact, we
anticipate (but we do not further discuss here) using the
lateral nudging approach for Antarctic studies of tracers
and chemicals (Genthon and Armengaud 1995; Cosme
et a. 2002, manuscript submitted to J. Geophys. Res.)
with sources in the midlatitudes. Atmospheric transport
in and from the midlatitudes should benefit from nudg-
ing in the midlatitudes. It should be noted that nudging
in the midlatitudes does not prevent two-way commu-
nication (exchange of mass or energy) between the high
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FiG. 3. Standard deviation of vertical wind simulated for Oct 1993.
(top) Simulation with the model free of nudging (free model). (bot-
tom) Difference between a nudged and a free model simulation. Ver-
tical scale: model o levels (see section 2a for an approximate con-
version to altitude). Unit: Pas—*. Isoline every 0.05 Pas~*. The zero
isoline is bold.

southern latitudes and the rest of the globe. The map
shown in Fig. 2 illustrates where nudging is performed.

Reanalyses are available every 6 h over the 1979-93
period. Winds and pressure are linearly interpolated in
time in order to nudge the model at each dynamic time
step, that is, every 90 s. Continuous forcing contributes
to ensuring stability of the nudged model by keeping
the nudged model close to a dynamic balance and thus
avoiding shocks and the development of spurious grav-
ity waves. The additional computing time due to nudg-
ing is negligible compared to the CPU resources used
by the AGCM itself. In addition, compared to global
nudging as done, for instance in Jeuken et al. (1996),
the volume of analysis datato be extracted, stored, read,
and interpolated is considerably reduced in the case of
lateral nudging. Severa preliminary experiments have
been carried out to determine a nudging constant C,.
The best control by the nudged variables is clearly ob-
tained when the constant is 1, that is, with absolute
nudging. Absolute forcing is generally avoided in the
case of global nudging in order to leave the model some
degrees of freedom (Jeuken et al. 1996). Lateral nudging
leaves the model all its degrees of freedom within the
region of interest. Experiments have shown that the
model can sustain absolute lateral forcing without de-
veloping large amounts of noise or instabilities. The
variance of vertical wind is a sensitive measure of nu-
merical noise in models. In particular, excessive vari-
ance may be the signature of spurious gravity waves
triggered by adjustment shocks, for example, in re-
sponse to strong nudging as done here. Figure 3 shows
that in austral spring, at a time of the year when the
stochastic synoptic activity around the Antarctic region
is high (King and Turner 1997), and thus corrections by
nudging may be particularly strong, the standard de-



T T T T

&L in HQ.._ MhAi m lﬁ&n& L

9 10 11 12 13 14
Year of simulation

FiG. 4. Daily normalized (no unit) globally integrated atmospheric mass (top) and angular momentum (bottom) in the free model (thick
continuous line), the fully (surface pressure and winds) nudged model (thin continuous line), and the partially (pressure only) nudged model

(dotted line).

viation of vertical wind is broadly similar in a nudged
and in a free simulation. The largest differences are
confined near the nudging latitudes in the midtropos-
phere. There is no sign that this noise propagates sig-
nificantly to either the Antarctic region or to the lower
latitudes and the Northern Hemisphere. Absolute lateral
forcing is thus used here to maximize lateral control by
the analyses. Trade-offs between control and noise may
be searched for and preferred if applications call for a
smooth circulation even at the nudging latitudes.

It must be stressed that only the dynamics of the
circumpolar circulation are nudged. In particular, tem-
perature and moisture remain entirely free and fully con-
sistent with the internal physics (radiation, convection,
evaporation, condensation, etc.) of the model, even at
the nudging latitudes. Lateral thermodynamic and/or hy-
drodynamic nudging is technically possible and it may
be tested in a later work. However, preliminary exper-
iments have shown that absolute nudging is not rec-
ommended for temperature. Thisis due to slight incon-
sistencies between the physics in the nudged model and
in the ECMWF model producing the nudging (analyzed)
variables. Because convective instability is a threshold
process, these inconsistencies result in permanent con-
vection near the nudged latitudes [see also Jeuken et al.
(1996) for a similar problem with global nudging]. It
remains to be verified that a nudging factor ensuring a
fair trade-off between control by nudging and acceptable
behavior of the nudged model exists, considering in
particular that purely dynamic lateral nudging aready
exerts a strong control on temperature in the Antarctic
region (section 4b).

Two main simulations have been made, each preceded
by a discarded 6-month spinup run, then run over the
full 1979-93 period using the AMIP sea surface tem-
perature and sea ice coverage as boundary conditions.

Lateral nudging is the only difference between the two
simulations. The free model simulation provides a val-
idation over the Antarctic region as well as a control
against which the laterally nudged model simulation can
be compared. A third simulation in which nudging is
limited to surface pressure (but propagates into the at-
mosphere due to the mixed sigma-pressure vertical co-
ordinate) has also been carried out and is only briefly
referred to.

3. The free and nudged global and Antarctic
atmospheric circulation

The mean sea level pressure (SLP), with some par-
ticular interest for the Antarctic trough, and the mean
500-hPa geopotential height are used to characterize the
impact of nudging on the tropospheric circulation. Al-
though in this paper, lateral nudging ismainly advocated
and analyzed for applications in the Antarctic region, it
is important that global aspects are also assessed. In
particular, it is important to illustrate that nudging lim-
ited to the southern mid- and high latitudes does not
perturb the global state and balance of the atmosphere.

a. The global atmospheric circulation

Climate models are expected to verify basic global
conservation laws. Obviously, nudging the surface pres-
sure and the winds affects the conservation of total at-
mospheric mass and the global conservation of mo-
mentum in the model. When the model is not nudged,
atmospheric massis strictly conserved, and atmospheric
momentum is conserved to a good approximation (Fig.
4), consistent with momentum exchange with the sur-
face. In the nudged models, the total mass fluctuates
within ~0.2% (standard deviation, translating into ~2
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hPa on the mean surface pressure) of the mean (Fig. 4).
In particular, a seasonal cycle of amplitude of 0.3%—
0.4% (3—4 hPa) suggests some disagreement between
the model and the analyses on how to seasonaly dis-
tribute atmospheric mass on the globe. The global mean
mass adjusts slightly, and very quickly at the beginning
of the 6-month spinup period. On average over the 15
yr of simulation, the mean mass is only 0.14% larger
(0.08% lower) in the fully (pressure only) nudged model
than in the free model. This must be kept in mind when
comparing pressure or geopotential with the free model
or with the reanalyses. More importantly, there is no
long-term trend in either of the nudged simulations (Fig.

4). Thus, no attempt is made to artificially correct the
fluctuations and enforce mass conservation. Global mo-
mentum is not significantly affected, nor are the con-
served thermodynamic quantities (energy, enstrophy,
entropy). Global quasi-conservation does not imply that
nudging does not affect the distribution of mass or mo-
mentum within the global atmosphere. SLP is the var-
iable that best illustrates mass distribution on the globe.

Maps of the annual mean SLP in the nudged and free
models (Fig. 5) show a clear impact of nudging in the
mid- and high southern latitudes. It may also suggest
that the atmospheric circulation isslightly affected north
of the nudged latitudes. Thisisto some extent confirmed
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by Fig. 6, which compares the differences in the free
and forced models with the mean interannual standard
deviation of the SLP. The interannual standard deviation
is computed as

1993

y=§1;’7g (msi(y) — msl)?
15 !

where msl(y) is the annual mean SLP of year y and
msl is the SLP averaged over the 15 yr of simulation.
The absolute value of the (nudged minus free) model
difference is much larger than s, (SLP) and thus highly
significant in much of the mid- and high southern lat-
itudes. It is less so elsewhere. The model differenceis
only slightly larger than s,(SLP) in the Tropics, and
mostly smaller or of similar magnitude in the extra-
tropics and at higher latitudes in the Northern Hemi-
sphere. However, s, (SLP) itself is affected by nudging.
Figure 7 compares s, (SLP) in the free and nudged mod-
€els and shows, in particular, that interannual variability
in the North Atlantic and in the high northern latitudes
is affected by nudging in the southern mid- and high
latitudes, probably by a global adjustment of the large-
scale atmospheric circulation in response to forcing in
the south. One cannot fully rule out that thisisan artifact
of the nudging method, which was shown to introduce
some variability of the global atmospheric mass in the
model. However, this is not likely because s,(SLP) is
locally affected in the Northern Hemisphere rather than
uniformly increased on the globe. In any case, the Ant-
arctic zoom makes the simulations analyzed here less
than ideal to study such interhemispheric teleconnec-
tion. In particular, it would be appropriate to verify that
a similar teleconnection can be found in a regular-grid
version of the model, and it would be even more con-
vincing if it can be obtained in other, similarly nudged
AGCMs. If so, then the importance of the southern at-

S/(SLP) =

mospheric circulation in the global climate may be em-
phasized. This aspect, which might be a valuable ap-
plication of regionally limited nudging of an global cli-
mate model, is not further discussed here.

The free model has biases in the (low resolution)
Northern Hemisphere. The surface pressure is too high
in the Atlantic and Eurasian Arctic regions and too low
in the mid-Pacific region (Fig. 5). The Northern Hemi-
sphere biases are not corrected in the nudged model. On
the other hand, the biases of the southern mid- and high
latitudes are very efficiently corrected. This is an ex-
pected result in the latitude band where nudging is im-
plemented (40°—60°S). This is also not a surprising re-
sult at higher latitudes due to the importance for the
Antarctic circulation of the synoptic activity at the pe-
riphery as discussed in the introduction.

b. The Antarctic atmospheric circulation

Figure 5 showsthat the mean SL P in the high southern
latitudes is too low in the free model, a bias found in
other high-resolution models (e.g., Météo-France 1998)
although here it extends to relatively low latitudes. In
addition, the zonal, broadly ternary structure of the
trough is not sufficiently marked in the free model. The
pattern of anomaly with respect to the reanalyses (Fig.
5) isreminiscent of cases of weak semiannual oscillation
(SAO). In particular, similar anomalies are reported by
van den Broeke (2000) during years of weak SAO in
long series of meteorological analyses. The anomalies
are interpreted as the result of a failure of the circum-
polar pressure belt to move north- and westward during
the SAO expansion phases. Figure 7 shows a maximum
of interannual variability reaching more than 3 hPa near
the Amundsen Sea sector (90°-140°W) of the Antarctic
region in both the nudged and the free models. Thisis
confirmed in the reanalyses. Elsewhere in the Antarctic
region, nudging slightly reduces the interannual vari-
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ability compared to the free model. Thisisadirect con-
sequence of the variability being smaller in the reanal-
yses than in the free model (Fig. 7). Variability of the
Antarctic pressure in the free and nudged models and
in the reanalyses is further analyzed in section 4.
Figure 8, which shows the seasonal march of the Ant-
arctic trough, indicates that much of the zonal mean
pressure bias in the free model (Fig. 5) is an austral
winter and spring bias. Thisis consistent with a stronger
adjustment of the global mean mass, in response to
nudging, in the second half of the calender year (Fig.
4). The Antarctic trough and its seasonality are features
of the Antarctic climate that AGCMs often fail to re-
produce well. For instance, Briegleb and Bromwich
(1998) report the results of two versions of the National

Center for Atmospheric Research’'s (NCAR) Commu-
nity Climate Model (CCM) AGCM. Intheolder version,
the depth of the trough in austral winter and spring is
overestimated, very much like in the free model here
and in aprevious version of the LMDZ model described
by Krinner et al. (1997). In the newer version of the
NCAR CCM model, the winter and spring biasislargely
corrected but in summer and fall the pressureistoo low.

The annual march of pressure in the trough in the
nudged model is quite reasonable (Fig. 8). Although the
trough is largely too low in the free model, it remains
dlightly larger al year long in the nudged model than
in the reanalyses. Thisis most probably partially related
to a global mean mass adjustment reported in section
3a. Also, lateral nudging has a weak impact on the sea-
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sonal march of the latitude of the trough (Fig. 8), which
remainson average almost 2° (i.e., two grid points) north
of the reanalyses results. A similar problem isfound in
other AGCMs (e.g., Briegleb and Bromwich 1998). In
addition, the spring component of the SAO, the Octo-
ber—December northward migration of the trough after
reaching its southernmost position in late winter, ismiss-
ing in the free model. In this respect, nudging reinforces
the SAO.

The pressure extrapolated to sea level has little sig-
nificance over the Antarctic ice sheet where the mean
surface altitude is about 2000 m. In particular, apparent
biases with respect to the reanalyses in the SLP over
the east Antarctic continent (Fig. 5) largely reflect dif-
ferences in the extrapolation probably related to differ-
ences in the surface climate (e.g., temperature). Thisis
confirmed by the 500-hPa geopotential height (Fig. 9),
which is not affected by such extrapolation problems.
In the free model, there is no geographical correlation
between the geopotential and the SLP biases with re-
spect to the reanalyses above the ice sheet. On the other

hand, the circum-Antarctic geopotential biases correlate
with the circum-Antarctic SLP biases, together reflect-
ing the barotropic nature of the insufficiently marked
ternary structure. Thisproblemis, again, very efficiently
corrected in the nudged model.

A relatively large (~20 m, reducing to ~15 m if
global mass adjustment is taken into account) geopo-
tential difference with the reanalyses is found on the
east Antarctic plateau in the vicinity of the Vostok sta-
tion (78°27'S, 106°52'E, 3844 m adl). Infact, Bromwich
et al. (2000) report that an incorrect station elevation
for Vostok has adversely affected the production of the
ECMWEF reanalyses throughout the reanalysis period.
The elevation error is of the order of 60 m. Thisis more
than the apparent geopotential bias mentioned above for
the model laterally nudged with the reanalyzed winds
and surface pressure, but just about the value reached
in the simulation in which the model is laterally nudged
with the surface pressure only (Fig. 9). This result sug-
gests that the station data at VVostok, and any error there-
in, can affect the analyzed general circulation as far as



NUDGED

NUDGED, SP ONLY

=80

FREE

Fic. 9. Difference: model minus analyses of annual mean (1979-93) geopotential height at the 500-hPa level in (upper left) the nudged
model, (upper right) free model, and (bottom) partially nudged (surface pressure only) model. Units: m.

the 60°S parallel, except for the surface pressure. Sur-
face pressure may remain unaffected because it is con-
strained by more numerous observations (from auto-
matic weather stations, buoys, ships, etc.) than the free
atmospheric circulation. Bromwich et al. (2000) also
report that the 500-hPa geopotential in the reanalyses
istoo low over much of the Antarctic region. They show
that operational analyses (less affected by the altitude
error at Vostok) are consistently higher than the re-
analyses over the circumpolar ocean, and that at a num-
ber of circumpolar stations for which radiosonde data
are available, the reanalyses are of the order of 20 m
too low at 500 hPa. This is again about the value by
which they are lower in the reanalyses than in the model
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nudged with the surface pressure only (Fig. 9). In the
main (pressure and wind) laterally nudged simulation,
the mean difference with the reanalyses has the same
sign but is lower. It thus appears that a picture of the
Antarctic atmospheric circulation, which is to some ex-
tent, depending on how nudging is done, corrected for
biases that affect the very analyses used for nudging,
isprovided by the nudged AGCM. Obviously, aglobally
nudged model would not bring any correction.

So far, lateraly nudging the Antarctic circulation of
an AGCM has proven to bring strong control by the
observations in the mid- and high southern latitudes.
Some added value over the reanalyses used for nudging
is also suggested. This is further illustrated when con-



TasLE 1. Monthly surface pressure correlation (undetrended/seasonally
detrended) between observations and models or reanalyses.

Station  LMDZ nudged Reanalyses LMDZ free
DDU 0.90/0.87 0.97/0.96 0.26/—0.02
D10 0.88/0.85 0.94/0.93 0.34/0.04
DC 0.90/0.82 0.92/0.86 0.35/-0.09
VK 0.88/0.73 0.97/0.91 0.48/0.10
SP 0.84/0.75 0.95/0.90 0.50/0.11
CA 0.89/0.74 0.98/0.89 0.51/0.05

sidering monthly and interannual variability of the sur-
face climate at a selection of sites on the Antarctic ice
sheet.

4. Monthly and interannual variability of surface
climate in the Wilkes Land sector of the
Antarctic ice sheet

Surface meteorological observations are available
along a transect in Wilkes Land running from Dumont
d’ Urville (DDU, 66°4’S, 140°01'E, 30 m above sealev-
el) at the coast, through D10 (66°4'S, 139°48'E, 240
m), Dome C (DC, 74°30'S, 123°E, 3245 m), and Vostok
(VK, 78°27'S, 106°52'E, 3488 m), to South Pole
Amundsen Scott (SP, 90°S, 2835 m) (Fig. 2). Conven-
tional (at manual weather stations, MWS) observations
are or have been taken at DDU, VK, and SP. Automatic
weather stations (AWS) are or have been running at
D10, DC, and Clean Air (CA) at the South Pole. The
South Pole site will be designated by SP or CA de-
pending on whether MWS or AWS data are used. The
DDU station is on a small island near (4 km offshore)
the Antarctic coast. All other stations are on the ice
sheet. The records are not complete over the time period
1979-93, either because the stations have not been con-
tinuously operational (DC, D10, and CA AWSs, VK
MWS) or because the compiled dataare not all available
to us. Monthly mean MWS data are obtained from the
British Antarctic Survey (BAS) data server (http://
www.nerc-bas.ac.uk/icd/metlog). The core of the data-
baseisthat of Jonesand Limbert (1987), further updated
by BAS. The 3-hourly AWS data are obtained from the
University of Wisconsin AWS station data server (http://
uwamrc.ssec.wisc.edu/aws/awsproj.html). They are av-
eraged to produce monthly means when a sufficient
number (more than 50%) of 3-hourly data is available.
At least 8 yr of reasonably sampled monthly mean data,
not necessarily the same years everywhere, are available
at each site within the 1979-93 period. Correlations
computed from these series are thus based on ~102
samples. If monthly mean data are independent from
each other, correlations above ~0.25 and ~0.20 have
achance of less than 5% and 1% (respectively) of being
insignificant. Consecutive monthly mean climate data
are not necessarily fully independent. However, auto-
correlations of the time series (of either the observa-
tions, the analyses, or the model results, after the sea-
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Fic. 10. Time series of surface pressure at the South Pole, in hPa.
From top to bottom: MWS (Amundsen Scott, SP) observations, AWS
(Clean Air, CA) observations, nudged model minus MWS, reanalyses
minus MWS, and free model minus MWS. Values outside scale rep-
resent missing observations.

sonal cycle is removed) suggest that monthly mean cli-
mate data are largely independent and that full decor-
relation occurs within a 2-month lag. In fact, a 0.50
correlation with only 15 independent sampleswould still
be significant at the 5% error level. Of the correlations
reported here, only the very lowest, below 0.25, may
be insignificant. This is confirmed by the fact that cor-
relations between the observations and the mostly sto-
chastic seasonally detrended variability in the free mod-
el are systematicaly below 0.14 (Tables 1, 3, and 5).

Results from the main (surface pressure and winds)
laterally nudged simulation are presented and discussed,
with only some hintsfrom the alternate (surface pressure
only) laterally nudged simulation. The major statements
and conclusions would apply to the simulation with
nudging limited to surface pressure, although correla-
tions are then generally slightly lower except for surface
wind as discussed in section 4c. Variability and corre-
lations in the reanalyses are also reported for compar-
ison. Thereanalyses are, in principle, forced by the very
observations with which they are correlated. However,
observations may be rejected by the assimilation for
various reasons, or even simply not available in the
archives for assimilation. Yet, in all cases, the obser-
vational constraint is very unlikely to be more distant
in the reanalyses than in the nudged model.

a. Surface pressure

Table 1 shows the correlations of the monthly mean
surface pressure between the observations and the
nudged model, the reanalyses, and the free model. Fig-
ure 10 shows the corresponding monthly time series for
the South Pole. Model and reanalyses grid points close
to the location of each site are selected for the calcu-
lations. Closeness is not the only criterion of selection.



TABLE 2. Observed and ratio of modeled or reanalyzed to observed
standard deviation of monthly surface pressure (undetrended/season-
ally detrended).

Station (observed

std devin hPa) LMDZ nudged Reandyses LMDZ free
DDU (5.5/4.7) 1.08/1.03 1.00/0.96 1.53/1.31
D10 (5.5/4.6) 1.10/1.06 0.96/0.98 1.51/1.25
DC (7.2/5.2) 1.03/1.00 1.03/1.10 1.14/1.15
VK (6.8/4.8) 1.06/1.03 1.02/1.05 1.23/1.26
SP (6.7/4.6) 0.95/0.91 0.94/0.90 1.17/1.11

A grid point nearby having a mean elevation closer to
the real station elevation may be preferred to the nearest
grid point. Differences in elevation of a few tens of
meters are nonetheless possible. At D10, on the costal
slope of the ice sheet, the difference can reach several
hundreds of meters and must be taken into account when
comparing mean surface pressure and temperature.
However, variances rather than mean values are dis-
cussed here, so no correction is applied. A grid point
for which the prescribed surface is oceanic is selected
for comparison with DDU data, whereas a nearby con-
tinental grid point is selected for comparison with D10
data. In practice, the variability in the observations re-
ported at DDU and at D10 is rather similar, so that
different diagnostics at DDU and D10 generally reflect
the ocean—continent contrast in the models and in the
reanalyses.

Correlations are separately calculated for the MWS
(SP) and the AWS (CA) observations at the South Pole,
in order to show that shorter samples and missing data
(Fig. 10) do not significantly affect the results. On av-
erage, the correlations of the observations with the
nudged model are high and they do not decrease as
distance from the nudging increases (Table 1). However,
the correlations for the free model increase with distance
from the coast. This is interpreted as a better ability of
the free model to reproduce the mean seasonal cycle of
surface pressure as its contribution to the total variance
becomes stronger farther inland. Correlations between
the series detrended for the seasonal cycle are thus also
computed and shown in Table 1. The detrended corre-
lations mostly reflect the ability to reproduce the chro-
nology of the intraseasonal monthly variability. The de-
trended correlations, which are consistently insignificant
for the free model, are slightly lower than the raw cor-
relations for the nudged model. They appear to some-
what decrease with distance from 60°S, but they remain
relatively high even at the South Pole. The detrended
correlations are consistently lower for the model than
for the reanalyses though.

Table 2 compares the model and reanalyses monthly
standard deviation of surface pressure

M

mzl (SP(m) — SP)?
v ,

Sn(SP) =
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TaBLE 3. Monthly surface temperature correlation (undetrended/
seasonally detrended) between observations and models or reanalyses.

Station  LMDZ nudged Reanalyses LMDZ free
DDU 0.96/0.76 0.95/0.82 0.88/—0.07
D10 0.94/0.74 0.96/0.76 0.85/0.09
DC 0.94/0.62 0.97/0.62 0.91/-0.09
VK 0.97/0.54 0.98/0.67 0.95/0.06
SP 0.96/0.37 0.98/0.65 0.94/0.06

where SP(m) is the monthly mean surface pressure of
month m, M isthe number of monthsin the observations,
and SP is the surface pressure averaged over the M
months. In Table 2, s,,(SP) for the model and reanalyses
is normalized by the corresponding standard deviation
in the observations, also given in the table. The free
model systematically overestimates both the seasonal
and the intraseasonal variability. Seasonal and intrasea-
sonal variability, just likeinterannual variability (section
3, Fig. 7), are very efficiently reduced to reasonable
values by lateral nudging. The impact of nudging is
larger at the coast but this is a'so where the free model
bias is strongest.

b. Surface temperature

Table 3 shows the correlations for surface tempera-
tures. Recall that there is no assimilation of analyzed
atmospheric temperature in the nudged (and, of course,
in the free) model. Surface temperature is observed at
elevations of 2-3 m above ground at the stations. This
is compared with the 2-m temperature from the reanal-
yses and with the temperature in the first layer in the
model at approximately 10 m. In the case of strong
inversion, the vertical temperature gradient near the sur-
face may reach one or severa tenths of degrees per
meter. Therefore, the model results may slightly under-
estimate the variability of temperature in winter on the
Antarctic plateau. However, no attempt is made to ex-
trapolate the temperature to 2 m because uncertainties
on the temperature profile may result in just about the
same level of error. On the other hand, the 2-m (ex-
trapolated, as available in the ECMWF archives), rather
than thefirst-level, reanalyses data are used becausethis
is the level at which surface observations are assimi-
lated. In addition, the first level in the ECMWF model
used to produce the reanalyses is more than 20 m above
the surface. Series of surface temperature at SP are
shown in Fig. 11.

Undetrended (raw) correlations are higher for surface
temperature than for surface pressure. Thisresult mainly
indicates that the seasonal cycleisastronger component
of total variance for temperature than for surface pres-
sure, and that the shape (but not necessarily the ampli-
tude) of the seasonal component is relatively well re-
produced by even the free model. The raw correlations
in the free model are higher inland than at the coast,
again reflecting a stronger and well-predicted season-



-3

]

-50

TAIMNAAANALT

TABLE 4. Observed and ratio of modeled or reanalyzed to observed
monthly surface temperature standard deviation (undetrended/sea
sonally detrended).

WWMMMWWMW I

ERA

A AANANSANAA,
’WWWM““WWWWWW

0

o

-20

o

-20

=]

T2 24 36 48 60 72 84 96 108 120 132 144 15 168 180
Month (1=01-1979, 180=12-1993)

Fic. 11. Time series of surface temperature at the South Pole, in

°C. From top to bottom: MWS (Amundsen Scott, SP) observations,

nudged model minus MWS, reanalyses minus MWS, and free model
minus MWS. Values outside scale represent missing observations.

aity inland. The raw correlations are consistently high
on the ice sheet, and they are not significantly lower for
the nudged model than for the reanalyses. On the other
hand, the detrended correlations, both for the model and
for the reanalyses, are lower with temperature than with
surface pressure. The detrended correlations are con-
sistently insignificant for the free model. For the nudged
model, they decrease as distance from the coast increas-
es, to finally reach weakly significant values at SP. Fig-
ure 11 illustrates that at such a low correlation level,
the amount of reconstructed variability is only weakly
larger than in the free model. The detrended correlations
for the reanalyses are also larger at the coast than inland,
but scores are similar at all three sites on the plateau.
Surface pressure largely reflects the large-scale at-
mospheric dynamics. Surface temperature reflects, in
addition, local boundary layer dynamics, atmospheric
thermodynamics, radiation, and more generaly the
components of AGCMs collectively referred to as the
physical parameterizations. Therefore, lower correlation
scores for temperature than for pressure may indicate
that some of the physical parameterizations do not work
very well over the Antarctic ice sheet. In fact, it is
remarkable that, although dynamic variables are nudged
several hundreds of kilometers away and no thermo-
dynamic variable (e.g., temperature) is nudged, the
nudged model reproduces the variability of surface tem-
perature at the coast and even on the plateau (at DC,
more than 1500 km away from the 60°S parallel) just
as well as the reanalyses. This result may be related to
the observation of a winter cold bias on the plateau
affecting the reanalyses [e.g., Genthon and Krinner
(1998); Fig. 11 shows that the winter cold bias reaches
more than 15°C at SPJ], which is the signature of an
inappropriate treatment of very stable boundary layers
inthe ECMWF AGCM. Better accounting of the bound-
ary layer in the LMDZ AGCM due to specific tuning
work (Krinner et al. 1997) probably compensates for a
lesser constraint by the observations. However, thisdoes
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Station (observed

std dev in °C) LMDZ nudged Reanalyses LMDZ free
DDU (5.9/2.0) 1.12/1.11 1.05/1.09 1.03/0.97
D10 (5.9/2.1) 1.04/1.25 1.33/1.52 0.91/1.10
DC (12.5/2.8) 0.80/1.11 0.97/0.93 0.80/1.10
VK (13.4/2.7) 0.86/0.84 1.02/0.79 0.82/0.89
SP (12.1/2.5) 1.00/0.93 1.17/0.76 0.98/1.00

not appear to be sufficient to compensate for distance
as far away as SP. Lower scores for SP and to some
extent for VK than for DC might also be related to a
larger exposure to air masses from the west (e.g., Hogan
et al. 1982) inducing a different sensitivity to lateral
nudging.

Nudging tends to slightly increase both the raw and
detrended standard deviation everywhere (Table 4). It
generally but not systematically brings the model in
better agreement with the observations. In addition, the
reanalyses do not perform better than the nudged model,
or even than the free model, in reproducing the observed
amplitude of variability.

c. Surface wind

Observed surface winds are available to us at AWS,
that is, at D10, DC and CA (the SP AWS). Surfacewind
over the Antarctic ice sheet is determined both by the
synoptic activity and by the surface temperature inver-
sion which, when combined with topography, induces
katabatic flows. The katabatic contribution is largest in
those coastal regions where not only gravity forcing is
large (slopes) but also where the flow is channeled and
concentrated (valleys). DDU and D10 are well-known
sites of strong katabatic winds. Winds are weaker and
show less directional constancy on the plateau (King
and Turner 1997). Observations of surface winds are
reported at an elevation of about 3 m at AWS. Thisis
compared with the 10-m wind from the reanalyses (as
is available in the ECMWEF archives) and wind in the
lowest layer in the models, also at about 10 m. In a
neutral surface layer with a surface roughness length of
0.1 mm [typical of polar snows according to King and
Turner (1997)], wind speed is about 10% higher at 10
m than at 3 m. Model and reanalysis winds are thus
expected to be slightly larger than observed. Variability
could also be somewhat stronger but correlations should
not be significantly affected. Like for surface temper-
ature, scores for surface wind reconstruction should be
sensitive to the quality of the physical parameteriza-
tions.

Both the reanalyses and the nudged model reproduce
the wind much less well than the other surface climate
variables (Table 5). The correlations are barely or not
significant anywhere for the seasonally detrended var-



TaBLE 5. Monthly surface wind correlation (undetrended/seasonally
detrended) between observations and models or reanalyses.

Station LMDZ nudged Reanalyses LMDZ free
D10 0.61/0.31 0.39/0.16 0.49/0.01
DC 0.16/0.15 0.10/0.19 0.15/0.10
CA 0.50/0.15 0.71/0.55 0.35/-0.14

iability, except at CA in the reanalyses. The correlations
remain moderate when the seasonal cycle is included.
The scores are consistently and surprisingly low at DC.
In fact, the cross correlation of the reanalyses and the
nudged model over the period for which the observa-
tions are available at DC reaches 0.36. This is weakly
significant but much higher than the respective corre-
lations with the observations, suggesting that acommon
cause may be contributing to limit the performance of
the nudged model and the reanalyses at DC. For the
model nudged with surface pressure only, both the raw
and undetrended correlations with the observations rise
to 0.25. They also significantly increase at CA (0.62/
0.37; while the impact at D10 is much less). One should
not draw strong conclusions here but thereis ahint that,
in addition to a basic difficulty to reconstruct surface
wind compared to surface pressure or temperature, the
nudged model may be adversely affected by biases in
the nudging variables. The problem is reduced when the
winds are not used, and this is reminiscent of conse-
guences on nudged model results of the Vostok bias in
the reanalyses discussed in section 3.

The nudged model, and even the free model for the
undetrended variability, perform better than the reanal -
yses at D10. When nudging is limited to surface pres-
sure, the nudged model does better at DC and slightly
less well at CA. These results may again support that
more carefully adjusted surface physics in the LMDZ
AGCM than in the reanalyses compensates to some ex-
tent for distant constraint by observations.

The amplitude of variability of the surface wind (Ta-
ble 6), like the mean wind itself (not shown), is lower
on the plateau than at the coast. The observed raw
monthly standard deviation (s,,(SW)) is underestimated
by the models and the reanalyses at the coast, and over-
estimated at DC. At CA, theraw variability isalso over-
estimated in the free model but this is corrected by
nudging. The detrended standard deviation is underes-
timated at the coast and at CA but overestimated at DC.
Nudging does not improve the detrended model results.

The general picture emerging for surface wind isthat
the reanalyses are not superior to the nudged model.
However, and unfortunately, no one should really be
encouraged to use either the reanalyses or the results of
the nudged model to reconstruct monthly variability as
observed in the real world. The variability of surface
wind appears to be a stringent test for climate models,
most probably of the physical parameterizationsin these
models.
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TABLE 6. Observed and ratio of modeled or reanalyzed to observed
monthly surface wind standard deviation (undetrended/seasonally de-
trended).

Station (observed

std devinm s*) LMDZ nudged Reanalyses LMDZ free
D10 (1.61/1.20) 0.78/0.41 0.59/0.68 0.81/0.39
DC (0.64/0.59) 1.44/1.40 1.47/1.09 1.38/1.29
CA (0.77/0.65) 1.09/0.70 1.02/0.75 1.32/0.79

5. Summary and conclusions

A simple and inexpensive method to limit Antarctic
atmospheric circulation biases related to lower-latitude
circulation deficiencies and to force realistic chrono-
logical variability in AGCMs has been described and
tested in the LMDZ model. The method consists of
nudging analyzed dynamical variables, here the surface
pressure and the wind in the atmospheric column from
the ECMWF reanalyses, along the periphery of the Ant-
arctic region. This method is termed lateral nudging.
Here, nudging is done at three parallels near 60°, 50°,
and 40°S, although experiments (not reported here) in-
dicate that the constraint on the two lower latitudes is
not essential for the Antarctic circulation itself. Nudging
is performed without relaxation. The cost of the method
in terms of manpower for implementation, of additional
computing cost, and of volume of manipulated data is
very reasonable. The method should be straightfor-
wardly applicable to other AGCMs. It may also be ap-
plicable to other regions of interest although the broadly
circular symmetry of the Antarctic ice sheet and the
lack of continent along the 60°S parallel make it par-
ticularly appropriate and easy to implement for the Ant-
arctic region. To alarge extent, lateral nudging may be
regarded as a method to apply the sametool, an AGCM,
to climate studies for which AGCMs are generaly de-
signed, as well as to regional studies more traditionally
dedicated to limited area models.

The free (without nudging) model performsrelatively
well in the Antarctic region, yet a number of biases are
noted. The Antarctic trough istoo deep in austral spring
and summer, and its ternary zonal structure is not suf-
ficiently marked. This is very efficiently corrected by
lateral nudging. In addition, thetrough is placed 2° north
of its position in the reanalyses, and thisis not corrected
by nudging. The 500-hPa geopotential in the free model
shows biases consistent with the surface pressure biases.
A 500-hPa geopotential discrepancy between the re-
analyses and the nudged model is located over the east
Antarctic plateau near the Vostok station. In fact, this
difference reflects a bias in the reanalyses rather than
in the model. In this respect, the nudged model may be
viewed as providing, in response to lateral nudging, a
corrected version of the reanalyzed Antarctic circula-
tion. The correction brought by the nudged model is
only partial when full (surface pressure and winds)
nudging is performed. The magnitude of the correction
isjust about the estimated error in the reanalyses when



nudging is limited to surface pressure. More generally,
the Antarctic 500-hPa geopotential is a few decameters
higher in the nudged model than in the reanalyses, a
result that is also interpreted as a bias of the reanalyses
corrected in the nudged model.

Nudging in the mid- and high southern latitudes af-
fects the atmospheric circulation in the Northern Hemi-
sphere, although as expected much less so than in the
Antarctic region. The nudged simulation gives hints of
interhemispheric teleconnection through an atmospheric
bridge. However, the model configuration, with a
stretched grid to increase resolution over the Antarctic
region at the expense of, particularly, the northern mid-
latitudes, is not appropriate to further address such a
topic here. Nudging tends to decrease variability in the
mid- and high southern latitudes, including over the
Antarctic continent.

Comparison of model results with observed monthly
times series of surface climate variables shows that
nudging does bring significant monthly chronological
control even in the interior of the ice sheet more than
3000 km away from the nudged latitudes. The amplitude
of the mean monthly variability is also generally im-
proved. As expected, the chronology and variability are
generally better reproduced by the reanalyses, which are
constrained by the very data they are compared to, or
by other observations nearby. Yet, the nudged model
performances are not much lower than the reanalyses,
even in the interior of the ice sheet far away from the
nudging. There are cases in which the nudged model
does just as well (e.g., surface temperature on the high
plateau) or even better (surface wind at the coast) than
the reanalyses. This is possible despite a smaller influ-
ence by the observations, if aspects of the physics that
determine the surface variables are more accurately re-
produced in the LMDZ than in the ECMWF model.
Indeed, the LMDZ model was relatively finely tuned
for surface polar climate (Krinner et al. 1997) and, in
particular, stable boundary layer physics were signifi-
cantly adjusted.

Why would someone want a reconstruction of the
Antarctic atmospheric circulation that isnot consistently
better than the reanalyses, when the reanalysesare avail-
able? Obviously, one may be interested in the aspects
that can be better reproduced, or ‘‘corrected,” in a
nudged model, but the prospect goes beyond that. Sen-
sitivity experiments and tentative improvements of an
AGCM may be realized at a lesser cost since shorter
simulations may be sufficient to characterize variability
when chronological time series rather than statistics
need to be verified. Realistically constraining the pe-
ripheral atmospheric circulation may simplify the search
and correction of deficiencies in the interior of the do-
main of interest. It may also reveal and allow the study
of teleconnections between the nudged regions and the
rest of the world, not limited to the Antarctic region.
Variability and trends in the analyses used to nudge a
model may tentatively be confirmed in the nudged mod-
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el, and the causes (e.g., local changes in the boundary
conditions versus changes of the lateral circulation) may
be searched for. In the Antarctic region, variability and
trends of interest include, for example, the Antarctic
Circumpolar Wave, or the mass balance of the ice sheet
in relation to sea level.

Finally, the databases that have been archived and
made available from analyses and reanalyses, which in-
clude not only the analyzed (pressure, wind, tempera-
ture, etc.) but also the predicted (precipitation, evapo-
ration, etc.) variables, are large but they do not cover
all possible needs. In particular, no information on the
chemical composition of the atmosphere is provided.
Atmospheric tracers and chemistry modules areincreas-
ingly coupled to AGCMs, including the AGCM used
here (Cosme et al. 2002, manuscript submitted to J.
Geophys. Res.). Nudging may be used to force arealistic
circulation and chronology in order to better compare
the simulated and observed time series of species. This
has been done with global nudging (Feichter and Loh-
mann 1999; Hourdin and Issartel 2000). Because it is
inexpensive and leaves freedom to the model physics
in the region of interest, lateral nudging should also be
considered. These are possible applications for which
we have now developed the method and which we in-
tend to explore in the future.
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