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ABSTRACT

Topographically induced flows around Antarctica in a rotating tank experiment with both homogeneous and
stratified fluid are analyzed and compared with the mean tropospheric circulation. A circular tank of fluid was
brought to a state of near-rigid clockwise rotation, and a topographic model of the Antarctic continent was then
rotated counterclockwise to simulate a mean westerly zonal wind. Stratification was chosen to give the same
ratios of topographic and dynamical length scales as in the atmosphere, as was the Rossby number based on
the ratio of rotation rates. After the onset of the relative rotation of the Antarctic model, cyclonic eddies evolved
in the coastal areas with, in the homogeneous case, anticyclonic eddies over the Antarctic dome. After about
ten tank rotation periods, a dominant wavenumber 3 structure with cyclonic eddies in the Ross and Weddell
seas and Prydz Bay is observed as an approximately steady state. Flow over the topography is relatively stagnant,
with weak anticyclonic circulation. Variation of the Rossby number by a factor of 4 about the mean atmospheric
value showed that the same general behavior was obtained, aithough there were differences in detail.

These flows show remarkable similarity to the observed mean 700 mb height and 850 mb wind fields around
Antarctica. This strongly suggests that the same dynamical factors are operating, namely conservation of potential
vorticity and strong coupling in the vertical, so that these motions are virtually barotropic. The large cyclonic
eddies are then forced by flow separation around prominent coastal irregularities such as the Antarctic Peninsula.
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1. Introduction

Studies of the mechanisms affecting Southern
Hemisphere atmospheric flows have tended to empha-
size the effects of the three mid-latitude continents
(Africa, Australia and South America) while over-
looking, perhaps, the effects of the fourth—Antarctica.
Apart from the radiative and thermal effects of the ice
and snow cover, Antarctica provides a massive asym-
metrical barrier to this flow, rising steeply to heights
greater than 3.5 km over much of its area (e.g., see the
model in Fig. 1). Linear perturbation theory is not
valid for atmospheric flow around topography of this
magnitude under normal conditions (e.g., Baines
1987). In this paper we investigate the effects of this
topography in a laboratory experiment. We first discuss
the observed mean flow patterns in the atmosphere
around Antarctica. We then describe some results of
experiments for a range of conditions, some of which
are dynamically very similar to those of the atmosphere.
The correspondence between the two sets of flow pat-
terns is remarkable, and leads to the inference that the
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structure seen in the atmosphere is principally forced
by the effect of the Antarctic topographic barrier on a
mean zonal flow.

Recently, Boyer and Chen (1987) have made a de-
tailed laboratory study of the effects of topography on
the mean Northern Hemisphere circulation. The rel-
evance of some aspects of this study to the atmosphere
has been questioned by. James (1988b) because of a

"lack of spherical geometry and baroclinic effects. We

believe that these criticisms are not applicable to the
present study because the effects modeled are mostly
at high latitudes, and the important effects described
are largely barotropic.

2. Atmospheric flow patterns

The weather of the Antarctic is notoriously variable,
and may change dramatically in a very short time
(Schwerdtfeger 1984). However, some of its important
features are persistent and fairly steady. One such ex-
ample is the shallow katabatic winds that drain off the
continent for much of the year. Another is the averaged
tropospheric pressure patterns, which show a pro-
nounced structure of three offshore lows, with a high
centered over the eastern hemisphere of the continent.
Figures 2a and 2b show the heights of the 700 mb pres-
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FI1G. 1. A model of Antarctica used in the laboratory experiments. Height contours are shown
in black, at intervals of ! cm (=500 m in the atmosphere). The diameter of the model is ap-
proximately 60 cm, and the dark hole denotes the South Pole.

sure surface for 10-year means for summer (December,
January, and February) and winter (June, July, and
August) respectively, taken from the “atlas” compiled
by Le Marshall et al. (1985). Figure 3 shows the height
of the 700 mb pressure surface for January taken from
Hofmeyr (1957). In spite of the different periods and
the relatively smaller quantity of data, Fig. 3 is very
similar to Fig. 2a. As height increases, these pressure
patterns become weaker and less distinct, with very
little change in phase (Le Marshall et al. 1985). The
pattern therefore extends through most of the tropo-
sphere, and is substantially barotropic. '

Figure 4 shows the mean wind fields for winter for
the 10-year period at 850 mb (the corresponding dia-
gram for summer is very similar). Note that the winds
are weak in the low-pressure regions shown in Figs. 2
and 3, poleward of the northernmost extent of the Ant-
arctic topography, and are significantly larger at lati-
tudes 60°S and less. Also, there are almost no changes
in the mean flow pattern between the extreme seasons
except for the rise and fall of the overall magnitude in
geopotential height. Monthly mean flows have also
been described by Jenne et al. (1974) using different
data. Their resuits are similar to those shown here, al-
though the circulation in the Weddell Sea is more pro-
nounced, as in Fig. 3.

How representative are these means of the real flow
field? An examination of the standard deviations of
daily values of the height field for 700 mb and zonal
wind components for 850 mb for both summer and
winter (Fig. 5) shows that the contours of constant
variance are much more zonal than the mean fields in

each case. Hence, although the standard deviation of

“the zonal wind is generally comparable with the spatial

variations in the mean, they will not affect the pattern
shown by the mean values (Figs. 2 to 4) which is there-
fore highly significant. :

To our knowledge, no clear explanation has yet been
advanced for the occurrence of this persistent mean
flow pattern. Schwerdtfeger (1984 ) displays mean-sea-
level pressure patterns (his Figs. 4.1a and 4.1b) which
show the same structure as Figs. 2 and 3 here, but he
gives no explanation for these patterns and seems to
imply that they are caused by migrating cyclones.

It seems likely that a dominant factor causing this
mean circulation is the Antarctic topography; the three
lows correspond well with the Weddell and Ross seas
and Prydz Bay, and form a near-symmetric wavenum-
ber 3 structure which will be discussed later. Apart from
the cyclonic storms from lower latitudes, other local
processes are not expected to generate strong large-scale
synoptic systems: the near uniform and large albedo
of the snow and ice-covered surfaces implies that ther-
mal forcing of atmospheric circulation by surface fluxes
is weak (except, possibly, at the edge of the pack ice),
and the low moisture content of the air implies that.
latent heat processes are also small.

Studies of the zonally averaged properties of atmo-
spheric winds show that small but persistent westerly
zonal flow exists in southern polar regions. Figure 6,
taken from Trenberth (1979), shows a mean westerly
zonal wind of about 5 m s™! at 70°S, decreasing pole-

-wards in a linear fashion with approximately uniform

vorticity. Outside this region, monthly mean winds in



HGHT 700hPa 8-82 JJA 10 YEAR MEAN

HGHT 700hPa 12-81 DJF 10 YEAR MEAN

F1G. 2. Mean 700 mb geopotential height field over Antarctica in decameters in (a)
winter (June-July~August, JJA) and (b) summer (December-January-February, DJF)
from the dataset of Le Marshall et al. (1985). Contour intervals are 2 dam.
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FIG. 3. Mean 700 mb geopotential height coﬁtours for January, from Hofmeyr (1957).
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Contour intervals are 50 m.

the latitude range 50°S to 65°S are predominantly
zonal westerlies, and increase monotonically with
height. The mean value U for the seasonal means gen-
erally satisfies .

U = u (500 mb)
z%[u(MMOHm)+LM3m)mbH. (2.1)

We shall therefore consider a simple model consist-
ing of a cyclonic polar-centered vortex interacting with
the topography of Antarctica for our laboratory sim-
ulations.

3. A laboratory model

A laboratory model of Antarctica was constructed
at Aspendale (by Mr. David Murray), with a height

scale of 2 cm /1000 m, and a horizontal scale of 11.25
cm/ 1000 km, giving a maximum height #(max) of 8
cm and a maximum horizontal radius of 32.5 cm (Fig.
1). The tank was filled to a depth D of approximately
22 cm, so that the ratio #(max)/ D was approximately
equal to the atmospheric value if D corresponds to the
depth of the troposphere. The model was placed cen-
trally in a circular tank of diameter 110 cm, mounted
on a rotating turntable. The turntable was rotated in
a clockwise sense (Southern Hemisphere rotation),
with typical rotation periods of about 4 seconds. The
Antarctic model was mounted so that it could be ro-
tated independently about the polar axis, In most ex-
periments it was rotated in an anticlockwise sense rel-
ative to the tank, to simulate a mean westerly zonal
wind field with uniform vorticity.

Experiments were done with two types of fluids: ho-
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FIG. 4. Mean 850 mb wind field in m s~ in winter (JJA) from the dataset
of Le Marshall et al. (1985). Contour intervals are 5 m s~ :

mogeneous fluid (fresh water), and a stably stratified
fluid with constant buoyancy frequency N. Two tech-
niques of flow visualization were used. In the first, used
with homogeneous fluid, radially located rakes which
released colored dye at various latitudes were inserted
into the tank and attached to the framework that sup-
ported the obstacle, so that they rotated with it. This
was eventually discarded in favor of the second tech-
nique which was used with both homogeneous and
stratified fluids. It involved placing a large number of
neutrally buoyant (or in the case of homogeneous
fluids, nearly neutrally buoyant) beads in the fluid, and
. illuminating the tank with a thin horizontal beam of
light produced by a laser, at some particular level. Data
were recorded photographically by a camera that
looked vertically downward from above the model and
rotated with it. Fluid velocities could be determined
by the measurement of lengths of streaks produced by
the beads in the time-exposure photographs. The strat-
ified case is more representative of the atmospheric
situation, but the homogeneous fluid may be used as
a model for the barotropic flow in the atmosphere, and
the comparisons are interesting.

For the homogeneous fluids, for each run described
here the tank was allowed to rotate for at least 1 hour
to attain a state of rigid rotation before the relative
motion of the topography was commenced. For the
stratified runs, the tank was filled while rotating via
fluid slip rings using the customary two-tank technique.
Once filled, it was left for a period of 1 hour or more
to approach steady state. Spinup of stratified fluids is
a poorly explored topic, and steady state may not be
attainable in many situations because of the Sweet-
Eddington circulation (Griffiths and Linden 1985) and
other poorly understood processes. The experience at
Aspendale has been that weak residual motion persists
even after many hours of steady conditions. The ve-
locities are much smaller than those forced by the to-
pography in the present experiments, and we must as-
sume they are too weak to affect the results described
here.

Two important dynamical parameters for these
phenomena are the Ekman number E and the Rossby
number Ro, defined respectively by

E = v/2Qa%,

Ro = U/2QL, (3.1)
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F1G. 5. Standard deviations of daily 700 mb geopotential heights in decameters for (a) winter (JJA) and (b) summer (DJF), and standard
deviations of daily zonal wind components at 850 mb for (c) winter (JJA) and (d) summer (DJF), from the dataset of Le Marshall et al.
(1985). Contour intervals are 1 dam and 1 m s, respectively. '
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FIG. 6. The mean annual cycle of the zonally averaged westerly
component of geostrophic wind at 500 mb in m s~! as a function of
latitude and month (from Trenberth 1979).

where g is a representative radius of Antarctica,  is
the angular velocity of the earth, L denotes a length
scale for the indentations of the Antarctic topography,
v is the kinematic viscosity, and U is a mean zonal
speed. We therefore have U = wa, where w is the an-
gular velocity of the topographic model, and

ro-(57)(5):

With a rotation period of 27 /£ of 4 seconds, a = 30
cm, a/L = 3, and «/Q = 0.03 in the laboratory, we
have

(3.2)

E=4X10"% Ro = 0.045, (3.3)

so that both are small and E'/? < Ro. The latter con-
dition implies that viscous effects are much smaller
than inertial effects in these experiments (Baines and
Davies 1980),. as is required in order to model the at-
mosphere. ,

For homogeneous fluids, under the above conditions
the fluid motion has very little horizontal shear, and
potential vorticity is conserved even for topography
with steepness of order unity. Hence the governing
" equation for the homogeneous experiments is

d (( + 29)’ “o
dt\D—h ’
where ¢ is the vorticity relative to axes rotating with
the topography, and D is the fluid depth, given by

D = D(0) + Q%?/2g. (3.5)

Here h(r, 8) is the topographic height, and r, § are
polar coordinates. This configuration simulates a polar

(3.4)
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beta plane for bartotropic motion but, as in the at-
mosphere, this beta effect is small in comparison with
the corresponding effect of the Antarctic topography.
With these conditions, the only externally controlled
dimensionless variable in the experiments is the ratio
w/Q, where Q is the angular velocity of the Antarctic
model. In the atmosphere «/Q ~ 0.03.

For this vorticity-based dynamics, the appropriate
degree of vertical stretching of the topographic model
may be estimated as follows. With x eastward and y
northward Cartesian coordinates and u and v corre-
sponding velocities, a streamfunction ¥ may be defined
by

(D-hu=-68y/3y, (D—h)v=28/dx. (3.6)

If h is assumed to be a function of y only, the linearized
form of equation 3.4 is

O fgay 4 (B AR\ 1y
at[vw+(6ydy)(D ") ]

o dh
+2Q S dh (D—-h)"'=0. (3.7)
ox dy _ :
For waves over the topographic escarpment we write
Y ~ expi(kx + Iy + wt), and with k> < 1%, L,/ dh/dy/
(D — h) < 1, we obtain
dh/dy L}?
o _dhjdy Ly (3.8)
Q w(D-—h) L,
where k = 2w /L,, | = 2w/ L,. Taking L, as the width
of the sloping topography so that dh/dy ~ Ah/L,
where A#h is the height of the top of the escarpment,

(3.9)

In the atmosphere we have Ah/D ~ 3 km/8 km, and
in the laboratory Ak/D ~ 6 cm /20 cm. The similarity
of these ratios guarantees that the vortex stretching ef-
fect and the Rossby wave frequencies scale appropri-
ately. -

The importance of the beta effect away from the
topography may be estimated by comparing the vor-
ticity gradient of the fluid with the planetary vorticity.
For the atmosphere, at. 70°S we have

B U _(UN_A )
or LaB 2QL J\ a sin20°
' w A )
" Q2L sin20°’ (3.10)

where A is the Earth’s radius, and for latitude 70°S we

have U= 5ms~!, a = 2200 km, and L = 700 km, we
obtain a value of 0.43. For the laboratory, with a ho-
mogeneous fluid with a sloping free surface, the term
corresponding to 8 is 2Q3a/gD, and at radius a we
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have
8¢ (2Q%\™ U gD o gD (3.11)
or \ gD 2LQ Q%% QQR2La’ '

and with w/Q =0.03, D =24 cm, a = 30 cm, and L
= 10 cm, we obtain a value of 0.47. In both cases there-
fore the “beta effect” is significant, and has the same
relative magnitude with these parameter values.

For fluids where the stratification is significant, it is
customary to use the quasi-geostrophic equations to
describe the dynamics, with the conservation of quasi-
geostrophic potential vorticity (e.g., Gill 1982, p. 530).
However, this is only applicable for linearized topog-
raphy; for high or steep topography, other phenomena
such as low-frequency Kelvin waves (which are only
geostrophic in one direction) may occur. Theoretical
models for these cases with realistic topography are
cumbersome. The equation corresponding to Eq. 3.4
is the conservation of Ertel’s potential vorticity

g((;+29)-V‘")=0, (3.12)
dt p

where p is the density field and ¢ and Q are vector
quantities. This equation is exact for inviscid flow
(Pedlosky 1979).

Stratification introduces the additional parameter N,
the buoyancy frequency. For stratified flows in the at-
mosphere on short time scales where rotation is not
important, fluid approaching a topographic barrier will
be blocked upstream at low levels if (¢.g., Baines 1987)

Nh,,
U

In the atmosphere, with N = 1072 s, h,, = 3 km, and
U = 5 m s™!, this criterion is easily satisfied for Ant-
arctica. For motions on synoptic time scales the situ-
ation is different. Assuming that the total depth scale
of the atmosphere or tank is not important, the sig-
nificant dimensionless parameters may bé written as
Ro, a/L, and Nh,,/2QL. This last quantity may be

written v
Nh,, _( U \(Nh,
2QL 2L\ U /|’

and is the ratio of the topographic height to the height
scale of motions with horizontal length L. In the at-
mosphere this has a value of about 0.2, so that distur-
bances with L > 700 km have a height scale greater
than the depth of the troposphere. In the laboratory
experiments we equate the values of these numbers
with those of the atmosphere.

> 2. (3.13)

(3.14)

4. Experimental observations and results

Our end goal in this study is to provide a conceptual
explanation for the mean flow patterns around Ant-
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arctica. We base this explanation on a visual compar-
ison between the laboratory and atmospheric flow pat-
terns. More quantitative comparisons are difficult at
this stage, and visual inspection is often the best tech-
nique for recognizing meaningful structures and sim-
ilarities. -

a. Barotropic experiments

Experiments were conducted with homogeneous
fluid for values of w/Q = 0.015, 0.03, and 0.06. The
fluid was allowed to reach an approximate state of rigid
rotation, and then the relative motion of Antarctica
was commenced at time ¢ = 0. Flow patterns at a level
of 8 cm (approximately), just above the maximum
topographic height are shown in Fig. 7 for the case w/
Q = 0.03, which corresponds to the mean atmospheric
zonal wind obtained from Fig. 6. Figures 7a to 7f show
the development of the flow after the commencement
of motion, from 3 days to a month. Large persistent
eddies develop in three prominent locations (Weddell
Sea, Ross Sea, and Prydz Bay), and a substantial num-
ber of rapidly varying small-scale cyclonic eddies may
be seen. These are mostly close to the boundaries of
the topography, or they tend to move towards it. Eddies
formed in the coastal indentations tend to remain sta-
tionary. Over the eastern hemisphere of Antarctica,
one or two anticyclonic eddies are observed. Note the
pronounced effect of the Antarctic Peninsula in de-
flecting the flow.

As time progresses, the large eddies forming in the
Weddell and Ross seas become the dominant features
of the flow pattern; the smaller cyclonic eddies do not
vanish, but the anticyclonic eddies over the continent
become progressively weaker. Figure 7g represents an
approximate steady state, which is approximately
reached after £ = 60 s. In this flow state, the fluid over
the topography is relatively quiescent, as might be ex-
pected from conservation of potential vorticity: in the
steady state the flow tends to follow the height contours.
Note that the presence of the offshore eddies generally
results in flow with an “easterly” component in the
coastal regions at most longitudes. This implies a broad
anticyclonic region over the topography. .

Casual inspection of the flow properties at other
heights indicated that the flow there was quite similar.
This is partly visible in the photographs of Fig. 7. The
sharply focused streaks denote the level of the laser
beam; less well-defined, duller streaks denote beads on
the upper free surface of the fluid. The latter show a
very similar flow pattern to that at low levels; the eddies
at the upper level appear to be slightly displaced from
those at the lower levels, but this is probably largely
due to parallax in many cases, as the eddies at the upper
level are generally seen to be displaced radially outward
relative to their counterparts at the lower level.

Similar behavior is observed for the other parameter
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FiG. 7. Homogeneous fluid experiment for w/Q = 0.03, showing the flow field at a level slightly above the maximum topographic height.
Very small beads are illuminated in a narrow laser beam. Tank rotation period is 4 seconds. The sequence denotes successive times after
the commencement of relative motion of Antarctica, simulating westerly flow. The camera is rotating with the topography, and time
exposures are 4 seconds: (a) ¢'= 12 s (mean time), (b) 1 =22s,(c)t=32s,(d)t =425,(e)t =625, (f) ¢t = 1225, and (g) ¢t = 8 min.
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F1G. 7. (Continued)

values of w/Q = 0.015 and 0.06. The pattern of de-
velopment with time, and the final steady state, are
much the same as shown in Fig. 7, although the details
vary. For w/Q = 0.06, for example, the anticyclonic
eddy over eastern Antarctica is larger and stronger,
whereas for w/Q = 0.015 it is not evident at all. Also,
for w/Q = 0.06, the Weddell Sea eddy is extended
downstream, almost to the Prydz Bay region.

These observations may be interpreted with the aid
of the vorticity equation (3.4), which governs the low
Rossby number variations that occur after the first few
rotation periods. The strong vertical coupling due to
rotation inhibits flow across topographic height con-
tours and makes the flow nearly uniform with height.
Flow around topographic irregularities may then sep-
arate and cause lee-side eddies, as in purely two-di-
mensional experiments. The process at low levels is
analogous to the formation of eddies behind a bluff
body (for example, a house) at large Reynolds number
in nonrotating flows; in rotating flow the effect is then
propagated vertically through the fluid by inertial
waves. ’ )

Laboratory experiments on flow of homogeneous
rotating fluid at small Rossby numbers past two-di-
mensional (no z-dependence) and three-dimensional
obstacles attached to sidewalls have been described by
Griffiths and Linden (1983). Boyer et al. (1987) have
extended these observations to larger Rossby numbers
for two-dimensional obstacles, and have examined the
properties of lee-side eddies in more detail. For (con-
ditions corresponding to) steady eastward flow past
two-dimensional obstacles on a southern boundary
with Southern Hemisphere rotation, Griffiths and Lin-
den observed two types of lee-side flow pattern. The
first consisted of continually shed eddies and occurred
for Ro > 39E,%/3, and the second consisted of a long
and relatively stagnant wake, for Ro < 39E,% 3, where
E, = v/(29D?*). The Ro and E, values of the present
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experiments lie above this boundary in the eddy-shed-
ding region, but the E, values are smaller (5 X 1076)
than those of Griffiths and Linden, and the topographic
features are irregular rather than symmetric. The stag-
nant wake pattern in the large-time limit resembles
those described by Griffiths and Linden, but, as shown
in the previous section, the free-surface beta-effect is
important away from the topography. This appears to
force the condition

8% [flow properties} — O, (4.1)
as steady state is approached, implying stagnant fluid
poleward of the northernmost extent of the Antarctic
Peninsula.

For comparison, some experiments were carried out
with the same conditions as for Fig. 7, but with anti-
clockwise rotation of the tank. The flow patterns ob-
served were substantially different. The westerly flow
at the coast tended to follow the topographic contours,
but some degree of separation was also observed at the
major topographic features such as the Antarctic Pen-
insula, resulting in a fairly stagnant “eddy” in the
Weddell Sea region. These observations reinforce the
point that the direction of the flow in a rotating system
is important for the character of separated flows.

b. Stratified experiments

The experiments described in section 4a for ho-
mogeneous fluids were repeated for uniformly stratified
fluids with the same values of w/Q = 0.015, 0.03, and
0.06. We did not try to cover a range of stratification
values, but chose a single value of the buoyancy fre-
quency N (0.64 rad/sec) to give values of the param-
eters in Egs. (3.13) and (3.14) which approximate the
values in the atmosphere. The time development for
w/Q = 0.03 is shown in Fig. 8. As in Fig. 7, Figs. 8a
to 8f show the early structure on a time scale of several
days to a month. Again, small cyclonic eddies forced
by coastal irregularities dominate the early develop-
ment. Disturbances over the topography are weak and
the flow attains an approximate steady state earlier than
in the homogeneous case (in about 45 s).

The “final” state shown in Fig. 8f is similar to that
shown in Fig. 7g; the flow is dominated by eddies in
the Weddell and Ross seas, Prydz Bay and the Bel-
lingshausen Sea region, with stagnant fluid over the
continent. There are no coastal eddies at other longi-
tudes, so that “westerlies” are observed at the coast, in
contrast to the barotropic case where coastal ‘“easter-
lies” are found at most longitudes. As for Fig. 7, the
prints in Fig. 8 contain information about the flow at
the top of the fluid, in that beads on the free upper
surface appear as broad grey streaks superimposed on
the pattern of distinct white streaks of the lower illu-
minated layer. Again, the flow patterns at the two levels
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FI1G. 8. As for Fig. 7 but with stratified fluid with buoyancy frequenC); N=064s"(a)t=12s,(b)¢ =’22 s,
(¢)t=232s,(d)1=425s,(e)t=62s,and ()¢t =122s.

are very similar, indicating that the flow is essentially The properties of the flow for the values w/Q
independent of depth, although the small-scale features = 0.015, 0.06 are generally similar to those shown in
are less distinct at the upper level. Fig. 8; the flow is dominated by the three main eddies,
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and shows little variation with depth. Some localized
changes were evident: in Fig. 8, the Antarctic Peninsula
causes a substantial deflection to the flow, whereas for
w/Q = 0.015 it acts as an almost total barrier, and for
0.06 it causes only a modest deflection of the flow over
it. A Weddell Sea eddy is obtained in all three cases.
It should be emphasized that in all these cases, both

homogeneous and stratified, the final “steady-state™-

flow is not completely steady because separated flows
are essentially turbulent. Further, in the stratified case
for w/Q = 0.06, at a late stage of the development the
large eddy formed in the Ross Sea was shed and ad-
vected downstream. While this is an isolated incident
in these experiments, the possibility of such major
events occurring for other conditions after “steady
state” has been reached cannot be discounted.

Most of the discussion for homogeneous fluids is
also applicable, with appropriate changes, to the strat-
ified case. Low Rossby number flows are governed by
Eq. (3.8), where the vertical components of vorticity
and density are the largest. The vertical length scale
2QL/ N is greater than the depth D of the fluid, so that
in spite of the stratification the fluid is strongly coupled
vertically by the pressure field. The flow again avoids
crossing height contours, and hence separation occurs
at coastal topographic features.

5. Comparison and discussion

If the mean flows at 700 and 850 mb shown in Figs.
2, 3 and 4 are compared with the “steady-state” flows
in the experiments, namely Figs. 7g and 8f, a remark-
able similarity is apparent. In all cases the center of the
mean circumpolar vortex is displaced away from the
pole towards the center of the eastern Antarctic land
mass, at a longitude of approximately 75°E. This im-
plies a wavenumber 1 perturbation on the vortex. In
addition, the flow is dominated by three main eddies,
in approximately the same locations in the experiments
as in the atmospheric data, suggesting a wavenumber
3 structure over Antarctica. The only significant de-
parture, perhaps, is in the Weddell Sea area, where in
Fig. 2 the eddy appears to be centered further to the
east. This is observed in all seasons at heights of 700
mb and below in the Le Marshall et al. dataset. In the
other datasets of Hofmeyr (1957; in Fig. 3) and Jenne
et al. (1974) (not shown), the center of the eddy is
much closer to the Weddell Sea region and in confor-
mity with the experiments, although the data of Jenne
et al. do show a distinct eddy centered at about 30°E
longitude for all months, which is consistent with Le
Marshall et al. The variations may well be due to dif-
ferences in analysis methods in such regions where data
is sparse. In the experiments described, in the “steady
state,” an eddy was observed in this location for one
set of conditions only (w/Q = 0.06).

This close correspondence between the experiments
and observations provides very strong evidence that
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the mean atmospheric flow patterns are being directly
forced by the substantial Antarctic topography, and
that the same dynamical processes are occurring. The
atmospheric mean flow is substantially barotropic (al-
though the detail decreases with height, particularly
above 500 mb), as are both the stratified and homo-
geneous experiments, so that in all cases the rotational
constraint causes the flow to follow topographic con-
tours over land, and to be virtually two-dimensional
with flow separation over the sea. The circular bound-
ary of the tank is expected to have a negligible effect
on the flow because of its distance from the Antarctic
topography and the near-zonal nature of the atmo-
spheric flow at corresponding latitudes.

Given that we have potential vorticity conservation
in both cases, another factor which appears to be im-
portant, on the basis of scaling, is the “beta effect.” A
steady solution to the inviscid barotropic vorticity
equation on a beta-plane (or its laboratory equivalent)
contains stagnant fluid poleward of the northernmost
point of the Antarctic Peninsula. While this is not re-
alized in the experiments, mainly because of the eddies,
there is a pronounced tendency for velocities to be small
inside this circle, in both the mean atmospheric flow
and the steady-state experiments. It should be noted
that the sloping free surface does not provide an ac-
curate analogue for the beta effect for a stratified fluid,
but this is not important here because the flow is mostly
barotropic anyway.

Linearized topography cannot produce the same re-
sults; the topography must have sufficient height to
deflect the flow and cause separation from coastal fea-
tures. An attempt was made to observe topographic
Rossby waves of the type described in the linear study
of Egger and Fraedrich (1987), without success. This
is not surprising since the forcing is steady in these
experiments.

Another prominent feature of the observations is
the high pressure region and anticyclonic circulation
over eastern’ Antarctica. In the laboratory experiments
this is broad and diffuse, if evident at all, and velocities
over eastern Antarctica are very weak in the “steady
state.” This atmospheric feature may well be due to
subsidence, a phenomenon that is not present in the
laboratory experiments. Other features of the atmo-
sphere that are not modeled here are the katabatic
winds. These are difficult to model in the laboratory
with real topography, although the attempt has been
made (Gibson and Douglas 1969). James (1988) has
suggested that the drainage flow circulation may force
planetary waves which have a significant effect on the
synoptic scale motions in the Southern Hemisphere,
particularly at high latitudes. An estimate of the mag-
nitude of the forcing of these effects may be obtained
from the turnover time of this circulation: a drainage
flow of 5 m s~! (Parish and Bromwich 1986) with a
depth of 100 m at 70°S causes a replacement of the
poleward air in a time of about 2 years. This is long
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FiG. 9. General pattern of mean surface ocean drift from drifting buoy and iceberg data. The
lengths of the lines represent about half-year displacements. The dashed lines show the 3000 m
ocean depth contours (from Budd 1986).

when compared with the time taken for the air to circle
the pole at 70°S at 5 m s™! (from Fig. 6), which is
about 32 days, and suggests that drainage effects are
weak when compared with the effects described in this
paper.

What is the effect of these topographic disturbances
at lower latitudes? The displacement of the zonal jet
due to wavenumber 1 is evident, but the wavenumber
3 pattern of the topographic eddies has the effect of
smoothing out the indentations in the Antarctic coast-
line, so that the effect of these variations on the flow
at lower latitudes is minimized.

Finally, we note that the observed pattern of surface
drift in the oceans (Fig. 9) shows remarkable similarity
to the atmospheric flows of Figs. 2 to 4, and the ex-
perimental flows of Figs. 7g and 8f. This is, perhaps,
not surprising, since the ocean currents are expected
to be driven by the mean wind stress. The latter causes
an Ekman transport which produces a pressure field
which in turn drives the current geostrophically in the
same direction as the wind. Bottom topography will
also exercise significant control over the ocean current
pattern, in an analogous manner to that described here
for the atmosphere.
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