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Abstract Historical surface drifter observations collected from the Southern Ocean are used to study the near-surface structure,
variability, and energy characteristics of the Antarctic Circumpolar Current (ACC). A strong, nearly zonal ACC combined with
complex fronts dominates the circulation system in the Southern Ocean. Standard variance ellipses indicate that both the Agulhas
Return Current and the East Australian Warm Current are stable supplements of the near-surface ACC, and that the anticyclonic
gyre formed by the Brazil warm current and the Malvinas cold current is stable throughout the year. During austral winter, the
current velocity increases because of the enhanced westerly wind. Aroused by the meridional motion of the ACC, the meridional
velocity shows greater instability characteristics than the zonal velocity does over the core current. Additionally, the ACC exhibits
an eastward declining trend in the core current velocity from southern Africa. The characteristics of the ACC are also argued from
the perspective of energy. The energy distribution suggests that the mean kinetic energy (MKE), eddy kinetic energy (EKE), and
JVEKE are strong over the core currents of the ACC. However, in contrast, EKE/MKE suggests there is much less (more) eddy
dissipation in regions with strong (weak) energy distribution. Both meridional and zonal energy variations are studied to illustrate
additional details of the ACC energy characteristics. Generally, all the energy forms except EKE/MKE present west-east reducing
trends, which coincide with the velocity statistics. Eddy dissipation has a much greater effect on MKE in the northern part of the
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1 Introduction

The Antarctic Circumpolar Current (ACC) is the most im-
portant current in the Southern Ocean, and it is the only
current that flows around the entire globe. It flows east-
wards through the southern portions of the Atlantic, Indian,
and Pacific oceans, providing the primary means by which
water, heat, and salt are exchanged between them. There-
fore, variations in the transport of the ACC may influence
the Earth’s climate over a range of timescales!'..

The current’s boundaries are defined generally by
zonal variations in specific water properties of the Southern
Ocean'”. Variations in these properties have been used to
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classify regions, the edges of which are defined by fronts
marking rapid changes in water properties that occur over
short distances. North of the ACC is the Subtropical Con-
vergence or Subtropical Front (STF), usually found be-
tween 35°S and 45°S, where both the average sea surface
temperature (SST) changes from about 12°C to 8°C and
the salinity decreases from over 34.9 to 34.6 or less.

Maps of the gradient of sea surface height and SST
reveal that the ACC comprises multiple jets or frontal fila-
ments”!. Three fronts and three zones south of the STF as-
sociated with the ACC are, from north to south: the
Subantarctic Zone (SAZ), the Subantarctic Front (SAF), the
Polar Frontal Zone, the Polar Front (PF), the Antarctic Zone,
and the Southern ACC Front.

The energy characteristics and regional mean circula-
tion of the ACC have been studied in previous papers. For
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instance, Piola et al. compiled a data set of 280 drifting
buoys and prepared maps of mean surface velocity, kinetic
energy, and momentum flux between 20°S and 68°S, pro-
viding an initial evaluation of those fields in the Southern
Hemisphere!. Associated energy and momentum transfer
processes in the Southern Ocean are assessed by comparing
model statistics with altimeter observations'. Baroclinic
transport variability of the ACC near 140°E is estimated
from six occupations of a repeat section occupied as part of
the World Ocean Circulation Experiment. It is found that
the mean top-to-bottom volume transport is around 147 Sy,
relative to a deep reference level consistent with water mass
properties and float trajectories. The location and transport
of the main fronts of the ACC are relatively steady'®. As-
sireu et al. used data from 15 drifters to provide detailed
aspects of the surface circulation and kinetic energy along
the Brazil Current between 24°S and 37°S""). More recently,
the southwestern Atlantic mean surface circulation and its
associated variability and energetics have been studied
through the analysis of 13 years’ data from surface drifters.
The analysis of the kinetic energy conversion term suggests
the presence of barotropic instabilities along the Brazil
Current. Over most of the Brazil Current region, the kinetic
energy conversion term points from the mean to the EKE®.

Following the recent increase in their spatial and tem-
poral coverage, surface drifters provide one of the best
sources of information on the velocity field for estimating
mean currents and energetics in remote oceanic areas'’.
Given that most previous studies have focused either on the
ACC characteristics deduced from satellite observations or
on the regional associated energetics deduced from drifter
data, we intend to extend the understanding of the mean
structure and energy characteristics of ACC over the entire
Southern Ocean by analyzing historical drifter data. The
remainder of the paper is organized as follows. Section 1
describes the data and methodology we used. Section 2
presents the mean structure and variability of the ACC de-
duced from drifter data. Section 3 describes the ACC char-
acteristics from energy perspective and Section 4 presents a
summary of the major results.

2 Data and methods

Four data sets were used to extract the features of the ACC.
The quality-control surface drifter data, obtained from the
Global Drifter Program Drifter Data Assembly Center
(http://www.aoml.noaa.gov/phod/dac/dacdata.html), was the
primary data used in this study for the structure and energy
analysis. The freely-drifting surface buoys were attached to
drogues centered at 15-m depth and their trajectory data
were collected by the Argos satellite system. Data used in
this study, which covers a period of 1986-2013 were opti-
mally interpolated to uniform six-hour interval trajecto-
ries!'”.  The Tropical Rainfall Measuring Mission
(TRMM)’s Microwave Imager is a passive microwave sen-
sor designed to provide quantitative rainfall information
over a wide swath under the TRMM satellite""). It provided
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us with high spatial resolution (0.25°x0.25°) SST data from
1997, which helped us realize the details of the main fronts in
the Southern Ocean. The wind speed data used in this study
are the annual mean climatology wind product from the Na-
tional Centers for Environmental Prediction, China. The
1993-2002 mean surface geostrophic velocity was calculated
from the mean dynamic ocean surface topography!'.

First of all, we reticulated the surface drifter data into a
grid with spatial resolution about 1°x1°M"*. This grid size
was chosen to give a reasonable depiction of the major
ocean circulation features considering the Lagrangian time
scale and length scale™. Following previous stud-
jes!*>7 103141 the Euler velocity was estimated as the
Reynolds average of the Lagrangian velocities in every bin.
Finally, the kinetic energy distributions as well as the mean
structure were produced to reveal the characteristics of the
ACC. The related expressions are as follows:

1 1
MKEza(LTZ +v2) and EKEzz(u'u'+v'v'), @)

where MKE and EKE represent the mean kinetic energy
and eddy kinetic energy, respectively, # and v are the
temporal mean of the Lagrangian velocity components
within a six-hour interval, and u' and v' are the instan-
taneous deviation of Lagrangian velocity components'”'¥.

3 Mean structure and variability of the ACC

Historical surface drifter observations from the Southern
Ocean were collected to study the mean structure and vari-
ability of the ACC. Figure la shows that almost all of the
bins were covered by more than 50 samples north of 60°S
and that this number even exceeded 500 in most of the re-
gion north of 50°S. In contrast, the surface drifter observa-
tions near the Antarctic region were very sparse because of
the blocking influence of sea ice. This means that we can-
not capture the characteristics of the entire ACC, but can
continue with the analysis of the basic characteristics of the
core surface currents of the ACC.

A strong, nearly zonal ACC combined with complex
fronts dominates the circulation system in the Southern
Ocean. Climatological SST (annual mean from 1997-2012)
gradient was used to describe the location and intensity of
the fronts. Most of the high SST gradient values are located
in the SAZ, which is defined as the region between the STF
and SAF. It is clear from Figure 1b that the maximum SST
gradient of over 3.5°C+(100 km)" appears in the Agulhas
Return Current region of the southwest Indian Ocean, fol-
lowed by the next largest value (over 2°C+(100 km)™) in the
region of the Brazil-Malvinas Confluence Zone.

The standard variance ellipses show variability of one
standard deviation of the vectors about their mean. It is a
useful way to plot the variability of both the magnitude and
direction of vectors. Note that the ellipse is not necessarily
oriented along the vector direction, but that it is rotated to
the principal components of the variability. As shown in
Figure 1c, the main currents in this region are described
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accurately, especially in the zonal direction, in that most of
the major axes of the standard variation ellipses are oriented
in the north-south direction. This implies that the merid-
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ional velocity shows greater instability characteristics than
the zonal velocity on the core current does, which is mostly
aroused by the meridional motion of the ACC.

—— S

o AL
AT
‘ W

800
700
600
500
400
300
200
100

A
‘ 79
% v, \

& 9 ‘ g

L - »
X
g

"i-"'l & i

k
n[ ';vd-f ﬂ’}‘ 28

e

50°E 150°E 110°W 10°W
° 1 1 1 1 ] 1
3OS, ] sehOltnhlcnuﬂmgolcntli-cnucol:ont- [N
La] gqAPAs e v vEDd L GRS po rrs e rserErRTe LR
Ll 1] FAEFererag oy TR LR N L
v ?V.’V'l’fr}"??e'l’ Feeoro R rREPFFENeE e Fere
° & B L facyoa SR NP PNl Bed® PPt
45°S [ertrtmn v 30w te p§dbakis s e M earerrrrerrerre ;N::E
[ 8-804 r e sEw Yreerree ra
b T, [ BBt h?,’ %ﬂ' Gult ¥ &grwmrwo‘bhr-- io-r»rn-
B0, T G Bat B B0 B T o e Bali il el et b #d ow vy
oq LE Dotk G B Balralaun | l'ﬂ-[ﬂrs'-n-n.n-.n-o‘:’hs, orETpe e ) a8 et e ofue
60°S ¥ ggﬂn—vﬁ-n—:ﬂ’s’--&navngs—&otn 907 m‘gt&&n-m.m-;r IR TA REl
3 i, B0 Fopee \O.D-I»J'trl'gwu rt}- v
;—CMM( I {!‘- '
- . -
° po. xS _./"-
7SS ) 1 1 L] 1 1
50°E 150°E 110°W 10°W

Figure 1 Historical Argos sample quantity in each bin (1°X1°) (a); SST gradient (shading, unit: “C-(100 km)™") and main fronts in the
southern ocean (red, STF; blue, SAF; green, PF) (b); standard variance ellipses and sea surface current. The fronts’ positions are from

Orsi et al.™™ (¢).

Both the Agulhas Return Current and the East Austra-
lian Warm Current are stable supplements of the ACC, and
the anticyclonic gyre formed by the Brazil warm current
and the Malvinas cold current is stable throughout the year
(Figure 2). The annual cycle of ACC velocity bears a strong
resemblance to the annual cycle of wind speed (Figure 3).
The current velocity is minimum (23.5 cm's') in February,
corresponding to the lowest value of wind speed (3.7 m's™).
During the austral winter, the current velocity increases
significantly (maximum is about 31 cm's™) because of the
enhanced westerly wind (maximum is about 5 ms™). Addi-
tionally, the ACC exhibits an eastward decline trend in the
core current velocity from the southern Africa (Table 1).
The maximum mean velocities appear in the southwest In-
dian Ocean and exceed 42 cm's”’, whereas the minimum
values are near 16 cm-s™.

Velocity component variations along the meridional
and zonal sections of the austral summer and winter seasons
are shown in Figure 4. The U component of the austral
winter is 2-8 cm-s” larger than that during the austral
summer along both the meridional and zonal sections (Fig-
ures 4a and 4c), correlating with the findings shown in Fig-
ure 2. The eastward declining trend of the ACC core current
velocity, shown in Table 1, can also be identified in Figure

4c. Compared with the U component, the V component
variation is much more complex (Figure 4b and 4d). The V
component during the austral winter, south of 53°S and
north of 37°S, is still larger than that during the austral
summer, but the condition is reversed in the region between
37°5-53°S (Figure 4b). Additionally, extreme peaks around
the region of 60°W—-70°W are illustrated in Figure 4c and
4d. These are caused by the strong zonal current and west-
ern boundary current near the Drake Passage.

As can be seen from Figure 5, the surface geostrophic
current is the main component of the surface current in the
Southern Ocean in that they present similar magnitudes and
directions. Therefore, it can be presumed that the energy
characteristics from both the geostrophic aspect and the
drifter aspect are largely similar.

4 Energy characteristic analysis of the ACC

In the following, we discuss the characteristics of the ACC
from the perspective of energy. Eddy processes play two
important roles in the MKE balance: kinetic energy conver-
sion and kinetic energy redistribution'”. The EKE, MKE,
EKE/MKE, and vEKE ofthe ACC are shown in Figure 6.
The energy distribution suggests both the EKE and MKE
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Figure 2 Seasonal sea surface current in the Southern Ocean (unit: cm's'l). a, SON; b, DJF; ¢, MAM; d, JJA.
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Figure 3 Annual cycles of wind speed and surface current in the Southern Ocean (35°S-65°S, 180°W—180°E). Wind speed (a, unit:
mes™); surface current velocity (b, only calculated for velocities greater than 20, unit: cm-s™).

Table 1 Zonal variations of the ACC velocity

Resions 35°8-65°S 35°5-65°S 35°8-65°S 35°S-65°S 35°S-65°S 35°8-65°S
g 20°E-40°E 70°E-90°E 130°E~150°E 160°W-140°W 90°W-70°W 30°W-10°W
Velocity/(cm-s™) 44 42 36 34 30 16

are clearly strong over the core currents of the ACC. The  the Agulhas Return Current region and the Brazil-Malvinas
maximum values of EKE of over 300 cm*s™ appear in both ~ Confluence Zone (Figure 6a), which is much more similar
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to the maximum SST gradient pattern, as shown in Figure
1b. This region is one of the most energetic regions of the
world’s oceans™'""®. In contrast, the MKE represents a
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similar pattern, but the value of its amplitude is twice that
of the EKE (Figure 6b).

25.0 : : : : :
b
20.0 1
10.0 15.0 1
0.0
a
. : . 5.0
70°S 60°S 50°S 40°S 30°S  0°E 0°E
5.0 . : : 10.0 "
N ‘
1 5.0 1
0.0 ‘
0.0 i
-5.0 . . . -5.0 / .
70°S 60°S 50°S 40°S 30°S  0°E 120°E 120°W 0°E

Figure 4 U component (upper level) and V component (lower level) variations of meridional (left panel) and zonal (right panel) sections
in the Southern Ocean (observed from Argos, unit: cms!, red lines: mean values of DJF season; blue lines: mean values of JJA season).
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Figure 5 Surface current climatology derived from drifters (black) and 1993-2002 mean surface geostrophic current (red) in the South-

ern Ocean (unit: cms™).

The ratio between EKE and MKE can be recognized
as an approximate indicator for barotropic instability!'?). It
is worth noticing that the ratio between EKE and MKE is
quite low (high) over (off) the core current region (Figure
6¢). In other words, the low ratio values indicate that most
of the main currents are dominated by mean flow rather
than by shorter eddy fluctuations. Conversely, over most of
the region away from the main current cores, the available
potential energy in the ocean is depicted as being largely in
the form of EKE. For example, over the core current region,
eddy dissipation consumes less than 40% MKE, whereas
more than 80% MKE is consumed by eddy dissipation
away from the core current region. The value of VEKE is
comparable with the current velocity, which clearly shows
the intensity distribution of velocity fluctuation. As shown
in Figure 6d, almost all of the ACC core regions are associ-
ated with strong velocity fluctuations, as in the results
shown in Figure 1c. This point agrees well with the findings

of previous studies. Southern Ocean observations from sur-
face drifters’®”, current meters®", and altimetry, all show
high levels of eddy energy, particularly in the western
boundary currents and major fronts of the ACC.

To illustrate additional details of the ACC energy
characteristics, we introduce plots of the energy variations
of the meridional and zonal sections in the Southern Ocean
(Figure 7). The left-hand panels of Figure 7 show the me-
ridional mean variations of energy. It is clear that EKE,
MKE, and ~EKE show quite similar meridional trends in
all the associated oceans. For instance, EKE, MKE, and
~VEKE reach their peaks simultaneously around 55°S—60°S.
Among all of the associated oceans, energy values of the
Indian Ocean are the largest, whereas the smallest values
appear in the Atlantic Ocean (Pacific Ocean) in the southern
(northern) part of the Southern Ocean. In contrast with the
one-peak phase in the other oceans, the Atlantic Ocean has
double peaks around 47°S and 57°S (Figures 7a, 7b, and
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Figure 6 Energy distribution in the Southern Ocean (unit: cm*s™) . a, EKE; b, MKE; ¢, EKE/MKE; d, VEKE (unit: cm's™).

7d). Compared with EKE, MKE, and ~EKE , EKE/MKE
is just the opposite, there is much less (more) eddy dissipa-
tion in regions with strong (weak) energy distribution (Fig-
ure 7c). The right-hand panels of Figure 7 show the zonal
mean variations of energy. Generally, all the energy forms
except EKE/MKE present west—east reducing trends, which
coincide with the velocity statistics in Table 1. There is
sharp contrast between the northern (30°S—45°S) and
southern (45°S—60°S) parts of the Southern Ocean; EKE,
MKE, and ~EKE are stronger in southern parts com-
pared with the north (Figures 7e, 7f, and 7h). However, the
situation for EKE/MKE is reversed (Figure 7g). This indi-
cates that eddy dissipation has a much greater effect on
MKE in the northern part of the Southern Ocean.

December(2013) Vol. 24 No. 4
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5 Summary

Historical surface drifter observations from the Southern
Ocean were collected to study the mean structure, variabil-
ity, energy characteristics of the ACC. The main results are
summarized below.

(1) Surface drifter observations are sufficient for the
analysis of near-surface structure and variability of the ACC.
A strong, nearly zonal ACC combined with complex fronts
dominates the circulation system in the Southern Ocean.
The maximum SST gradient values appear mainly in the
Agulhas Return Current region and the Brazil-Malvinas
Confluence Zone.
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Figure 7 Energy variations of meridional (left panels) and zonal (right panels) sections in the Southern Ocean (unit: cm®s™). a, EKE; b,
MKE; ¢, EKE/MKE; d, ~EKE (unit: cms™. Black lines: mean values of the entire Southern Ocean; red lines: mean values of southern
Indian Ocean; green lines: mean values of southern Pacific Ocean; blue lines: mean values of southern Atlantic Ocean). e—f are the same

as a—d but for zonal sections (black lines: mean values of the entire Southern Ocean; red lines: mean values of the northern part of South-
ern Ocean 30°S—45°S; blue lines: mean values of the southern part of Southern Ocean 45°S—60°S).

(2) Standard variance ellipses are useful for plotting
the variability of both the magnitude and direction of vec-
tors. This indicates that both the Agulhas Return Current
and the East Australian Warm Current are stable supple-
ments of the near-surface ACC. During the austral winter,
the current velocity increases because of the enhanced
westerly wind. Aroused by the meridional motion of the
ACC, the meridional velocity shows greater characteristics
of instability than the zonal velocity does on the core cur-
rent. Additionally, the ACC exhibits an eastward declining
trend in the core current velocity from southern Africa.

(3) The characteristics of the ACC are discussed from
energy perspective. The energy distribution suggests that
EKE, MKE, and VEKE are strong over the core currents
of the ACC, but that EKE/MKE is the converse; there is
much less (more) eddy dissipation in the regions with
strong (weak) energy distribution.

(4) Both the meridional and zonal energy variations
are studied to illustrate additional details of the energy
characteristics of the ACC. Generally, all the energy forms
except EKE/MKE present west—east reducing trends, which
coincide with the velocity statistics. Eddy dissipation has a
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great effect on the MKE in the northern part of the Southern
Ocean.
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