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1. Introduction

ABSTRACT

The formation of Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW)
significantly contributes to the total uptake and storage of anthropogenic gases, such as CO, and
chlorofluorocarbons (CFCs), within the world’s oceans. SAMW and AAIW formation rates in the South
Pacific are quantified based on CFC-12 inventories using hydrographic data from WOCE, CLIVAR, and
data collected in the austral winter of 2005. This study documents the first wintertime observations of
CFC-11 and CFC-12 saturations with respect to the 2005 atmosphere in the formation region of the
southeast Pacific for SAMW and AAIW. SAMW is 94% and 95% saturated for CFC-11 and CFC-12,
respectively, and AAIW is 60% saturated for both CFC-11 and CFC-12. SAMW is defined from the
Subantarctic Front to the equator between potential densities 26.80-27.06 kg m~3, and AAIW is
defined from the Polar Front to 20°N between potential densities 27.06-27.40 kg m~3. CFC-12
inventories are 16.0 x 10° moles for SAMW and 8.7 x 10° moles for AAIW, corresponding to formation
rates of 7.3 +2.1 Sv for SAMW and 5.8 + 1.7 Sv for AAIW circulating within the South Pacific. Inter-
ocean transports of SAMW from the South Pacific to the South Atlantic are estimated to be 4.4 + 0.6 Sv.
Thus, the total formation of SAMW in the South Pacific is approximately 11.7 + 2.2 Sv. These formation
rates represent the average formation rates over the major period of CFC input, from 1970 to 2005. The
CFC-12 inventory maps provide direct evidence for two areas of formation of SAMW, one in the
southeast Pacific and one in the central Pacific. Furthermore, eddies in the central Pacific containing
high CFC concentrations may contribute to SAMW and to a lesser extent AAIW formation. These CFC-
derived rates provide a baseline with which to compare past and future formation rates of SAMW
and AAIW.

© 2011 Elsevier Ltd. All rights reserved.

the southern hemisphere subtropical gyre (Schmitz, 1996; Sloyan
and Rintoul, 2001a; Talley, 2003, 2008).

Subantarctic Mode Water (SAMW) and Antarctic Intermediate
Water (AAIW) are large-volume relatively cool water masses, which
in their formation regions sequester significant quantities of atmo-
spheric gases, e.g. CO, and chlorofluorocarbons (CFCs) (Fine et al.,
2001; Sabine et al., 2004; Willey et al., 2004). Past changes in global
atmospheric CO, concentrations over interglacial and glacial cycles
may have been driven by changes in ventilation and circulation of
intermediate and deep waters (e.g., Siegenthaler and Wenk, 1984,
Francois et al., 1997; Toggweiler, 1999). In the present ocean, the
formation and circulation of SAMW and AAIW are an important
component of the upper branch of the meridional overturning
circulation (MOC), involved in the transport of heat and salt within
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There are numerous processes that influence the formation and
properties of SAMW and AAIW, convection within mixed layers due
to air-sea fluxes, Ekman transport, eddy fluxes, and mixing within the
Subantarctic Front (SAF; McCartney, 1982; Sloyan and Rintoul,
2001b; Sloyan et al.,, 2010; Sallee et al., 2010a). Circumpolar Deep
Water upwells around Antarctica and is carried northward via Ekman
transport as Antarctic Surface Water (AASW). AASW is converted to
AAIW through air-sea fluxes equatorward of the Polar Front (PF) and
subducts at the Subantarctic Front (SAF; e.g., Sloyan and Rintoul,
2001b). AAIW is characterized by a vertical salinity minimum and
observed in the southern hemisphere oceans between 600 and
1100 m (e.g. Hanawa and Talley, 2001). Equatorward of AAIW
formation, SAMW is formed from the deepening of mixed layers
during wintertime convection (Holte et al., submitted for publication)
and subsequent mixing (Sloyan et al., 2010), and is found north of the
SAF throughout the southern hemisphere. SAMW is characterized by
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a minimum in potential vorticity. It occupies the lower pycnocline of
the southern hemisphere subtropical gyres. As a consequence of the
formation process, both SAMW and AAIW have relatively high gas
concentrations—oxygen, CO, and CFCs. SAMW and AAIW are trans-
ported eastward with the Antarctic Circumpolar Current (ACC) and
northward into the Indian, Pacific, and Atlantic subtropical gyres. The
coldest and freshest variety of SAMW is formed in the southeast
Pacific (McCartney, 1977, 1982), the main region supplying SAMW
and AAIW to the Pacific.

Chlorofluorocarbons (CFC-11 and CFC-12) are oceanic tracers used
to evaluate circulation patterns, ages, and formation rates of water
masses (e.g., Fine, 2011). CFCs are anthropogenic compounds that
have been continuously added to the atmosphere since the 1930s.
The concentrations have been increasing in the atmosphere up to the
late 1990s for CFC-11 and to the early 2000s for CFC-12. The largest
increase in concentration has occurred since the 1970s. The CFCs
enter the surface ocean from the atmosphere by gas exchange, with
an average equilibration time of about 1 month (Broecker et al.,
1980). Once they become isolated from the atmosphere, CFC con-
centrations are stable in the ocean interior, except for the effects of
mixing with waters of different concentrations. Most surface waters
are found to be close to saturation with respect to the atmosphere.
However, this varies in regions of deep convection and vertical
mixing, where mixed layers maybe too deep to maintain equilibrium
with the atmosphere (Smethie and Fine, 2001). It is the surface
saturations together with total inventories of CFCs that are critical in
calculating the ages and formation rates of water masses.

In this study, we use the first austral wintertime observations of
CFC-11 and CFC-12 concentrations in the southeast Pacific for
SAMW and AAIW to determine the percent saturation of CFC-11
and CFC-12 relative to the present atmosphere. Formation rates are
calculated for SAMW and AAIW from 1970 to 2005. Formation rates
are directly related to the percent saturation during winter water
mass formation and to the total inventory of CFCs within each water
mass. Inter-oceanic transports of SAMW and AAIW are calculated to
estimate the potential loss of SAMW and AAIW out of the South
Pacific through the Drake Passage. This paper will also address the
location of formation areas of SAMW and AAIW, and the possible
impact of eddies on formation of SAMW and AAIW within the South
Pacific. Finally, SAMW and AAIW in the South Pacific will be
compared with mode and intermediate waters globally.

2. SAMW and AAIW in the South Pacific
2.1. Hydrographic and chlorofluorocarbon data

World Ocean Circulation Experiment (WOCE) and Climate Varia-
bility and Prediction (CLIVAR) tracer and hydrographic data, and
data collected on board the R/V Knorr between August and October
of 2005 in the southeast Pacific (SAMFLOC; Chereskin, 2005) are
used in this analysis (Fig. 1). [Data are available at http://cchdp.ucsd.
edu/]. The WOCE and CLIVAR observations date from 1989 to 2006,
and are located between 70°S and 20°N and 70°W and 150°E. A total
of 4732 individual CFC-12 measurements at 327 stations are used in
the inventory calculation for SAMW, and 5558 individual CFC-12
measurements at 355 stations for AAIW. Challenges associated with
combining data from multiple years are discussed in Section 3.1.

2.2. Water mass boundaries

To calculate the CFC-12 inventories within SAMW and AAIW,
water mass boundaries are determined from examining the WOCE,
CLIVAR, and the 2005 SAMFLOC data. Boundaries are chosen based on
a combination of numerous parameters including: temperature,
salinity, potential vorticity, nutrients, oxygen, CFC-11 and CFC-12
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Fig. 1. Map of the South Pacific with grayscale shading representing bottom
bathymetry (m) from ETOPO2. Diamonds represent the location of the hydro-
graphic profiles from WOCE and CLIVAR with 150°W occupied during 1991 and
2005, and the crosses represent the station locations from the 2005 SAMFLOC
cruise. The number 1 identifies the location of the Campbell Plateau and number
2 identifies the Eltanin Fracture Zone.

concentrations and saturations (Table 1). SAMW lies between poten-
tial densities () 26.80 < gy <27.06 kg m~> and is characterized by
a minimum in potential vorticity, outcropping north of the SAF and
forming within mixed layers exceeding 400 m during the austral
winter (Fig. 2a). SAMW subducts to a depth of ~600m, and is
integrated into the subtropical gyre of the South Pacific. The isopycnal
26.80 kg m~> separates SAMW from the lighter thermocline waters
of the South Pacific. The isopycnal 27.06 kg m~3 is the base of the
potential vorticity minimum and also separates SAMW from the
denser AAIW found between 27.06<oy<27.20kgm~>. Other
observational studies have defined SAMW and AAIW on similar
density surfaces. For example, Tsuchiya and Talley (1998) define
SAMW between 26.9 and 27.1 kg m~2 and AAIW between 27.0 and
27.35 kg m~3 along 88°W in the South Pacific. AAIW is characterized
by a salinity minimum, outcropping at the Polar Front (PF) during
austral winter and subducting to depths of 1100-1200 m. Fig. 2b
shows the low salinity signal of AAIW within the upper few hundred
meters subducting at the SAF. As AAIW is transported equatorward
within the subtropical gyre, the density increases and the salinity
minimum broadens in density from 27.06-27.40 kg m—> (e.g. Reid,
1965).

2.3. CFC and oxygen saturations in the southeast Pacific in austral
winter 2005

This is the first study to document CFC-11 and CFC-12 saturations
in SAMW and AAIW in austral winter in the southeast Pacific.
Saturations are calculated (Warner and Weiss, 1985) from the 2005
winter data by comparing the measured oceanic concentrations to
the atmospheric concentrations from the ALE/GAGE/AGAGE network
(http://cdiac.ornl.gov/ndps/alegage.html), a global network of trace
atmospheric gas measurements. In this paper, surface waters repre-
sent the upper 10 m of the water column.

From the austral winter 2005 SAMFLOC data, we observe
average CFC-11, CFC-12, and O surface saturations (not shown)
poleward of the SAF to be slightly undersaturated. Within the
mixed layers of SAMW (26.80 and 27.06 kg m~3), CFC-11 and
CFC-12 are 94% and 95% saturated with respect to the 2005
atmosphere (Fig. 3a), respectively. Within the core of AAIW
(27.20 kg m~3) poleward of the SAF, AAIW is 85% saturated in
CFC-12 relative to the present atmosphere (Fig. 3b), and average
oxygen saturations are 79%. Once AAIW subducts under the SAF,
average CFC-11 and CFC-12 saturations decrease dramatically to


http://cchdp.ucsd.edu/
http://cchdp.ucsd.edu/
http://cdiac.ornl.gov/ndps/alegage.html

526 C.A. Hartin et al. / Deep-Sea Research I 58 (2011) 524-534

Table 1

Average properties of SAMW and AAIW from the SAMFLOC 2005 austral winter data in the southeast Pacific from approximately 76°W to 100°W and from 60°S to 45°S.
Average properties are taken when the density range for SAMW is within the mixed layer, and average properties for AAIW are taken within the density range for AAIW,
north of the SAF.

Density Potential Salinity PV CFC-11 CFC-12 0, CFC-11% CFC-12% 0%
(kg m~3) temperature (psu) (10-?m 's"") (pmolkg~"') (pmolkg ') (umolkg ') saturation saturation saturation
(°Q)
SAMW 26.8-27.06 5.2 34.15 <10 4.6 2.5 300 94 95 97
AAIW 27.06-27.40 4.0 34.20 ~70 3.0 1.5 250 60 60 79
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Fig. 2. Depth sections along 88°W from August 2005 of (a) potential vorticity and (b) salinity. SAMW lies between 26.8-27.06 kg m~3, AAIW lies between
27.06-27.2 kg m~> and extends down to 27.4 kg m~> within the subtropical gyre. The location of the SAF is found at the outcrop of 27.06 kg m~3, approximately 59°S.
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Fig. 3. (a) Colored contour represents CFC-12 surface saturations (%) relative to the 2005 atmosphere from the 2005 data. Black contours represent density in kg m~3, and

white contours are potential temperature in °C. The approximate location of the SAF during the 2005 cruise is along the 4 °C isotherm. (b) Colored contours represent
CFC-12 saturations along 27.2 kg m 3 (the core of AAIW). White contours are the depth of the 27.2 kg m 3 isopycnal. The approximate location of the SAF during the 2005
cruise is along the 600 m contour. Note the change in CFC-12 saturations poleward and equatorward of the SAF. There is a scale change between (a) and (b).
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less than 60%, due to mixing near the front (Sloyan et al., 2010).
The 60% saturation for AAIW in late winter north of the SAF is
similar to that observed for recently formed Labrador Sea Water
in 1500 m mixed layers, though formation mechanisms are some-
what different (Wallace and Lazier, 1988; Rhein et al., 2002).
3. CFC-12 inventories

CFC-12 inventories are calculated for SAMW and AAIW using a

technique described in earlier work (Orsi et al., 1999; Smethie and
Fine, 2001; Rhein et al., 2002; LeBel et al., 2008):

CFCiyy = pZ([CFC]3j)ADyj) @))

where CFCy, is the CFC-12 inventory in moles, p is the density of
water (kg m~3), [CFC]; is the CFC-12 concentration (pmol kg 1)
at latitude (i) and longitude (j), A (m?) is the area of the grid box
(2.5° x 5°, from Willey et al., 2004), and D;, (m) is the thickness of
each layer at a location i and j. The inventories for SAMW (26.80-
27.06 kg m~3) are calculated between the SAF and the equator,
and for AAIW (27.06-27.40 kg m~3), from the PF to 20°N. The
boundaries for both SAMW and AAIW extend from 150°E to
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70°W. Temperature, salinity, and density data along each mer-
idional WOCE and CLIVAR section are analyzed to determine if the
location of the SAF and PF are significantly different than the
climatological mean location from Orsi et al. (1995). The only
significant difference was along 170°W, where the location of
the PF was approximately 5° north of the Orsi et al. (1995)
mean. Stations located south of the SAF for SAMW and south of
the PF for AAIW are not included in the inventory calculations.
The total CFC-12 normalized inventory (see Section 3.1 for
normalization technique) for SAMW between 26.80 and
27.06 kg m~3 is 16.0 x 10° moles. The total inventory for AAIW
between 27.06 and 27.40 kg m~3 is 8.7 x 10° moles. The inven-
tory map (Fig. 4a) is smoothed based on a two dimensional
running mean of the gridded CFC-12 inventories within SAMW.
The technique reduces the CFC-12 inventory maxima. There-
fore, the maximum CFC-12 inventory at a hydrographic station
are 4.6 mol km 2 within the original data, 2.0 mol km ~2 within
the gridded data, and 0.77 mol km~2 within the two dimen-
sional smoothed data. The smoothed data are used as they
provide a more continuous picture of the CFC-12 inventory
extrema over the South Pacific. As with SAMW, the AAIW
inventory map (Fig. 4b) is smoothed both in latitude and

)
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1200w S0°W
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CFC-12 inventory {mol km

120°W 90°W

Fig. 4. CFC-12 inventory maps normalized to 2005 in mol km ~2 for (a) SAMW from the SAF to the equator and, (b) AAIW, from the PF to 20°N. White dashed line is the
mean location of the SAF and the white solid line is the mean location of the PF from Orsi et al. (1995).
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longitude. The maximum CFC-12 inventory are 4.0 mol km 2 in
the original data, 1.6 molkm~2 in the gridded data, and
0.79 mol km~2 in the gridded two dimensional smoothed data.
The total CFC-12 inventories for SAMW and AAIW vary by < 1%
when using the smoothed or unsmoothed data.

3.1. Normalization of CFC inventories to the year 2005

The distribution of CFC data within the South Pacific spans
17 years, from 1989 to 2006. This presents a challenge in calculating
a CFC inventory relative to a given date, as the atmospheric CFC
concentrations vary with time (Walker et al., 2000). Therefore, the
inventories at each station are normalized to a constant date in order
to obtain a quasi-synoptic inventory of CFC-12. A constant date of
January 1, 2005 is chosen because SAMFLOC data were collected in
the austral winter of 2005. The technique used is similar to Smethie
et al. (2000), where CFC-12 inventories at each station are scaled by a
normalization factor.

In order to investigate the basin-wide circulation of SAMW
and AAIW, pCFC-12 age maps along the core of each water mass
are constructed (Fig. 5a and b). The age of the water masses are
calculated at each hydrographic location within the South Pacific
using the partial pressure (pCFC) method from Fine et al. (1988)
and Doney and Bullister (1992);

[CFC]

pCFC= F(60,S,sat)

2)
where [CFC] is the measured CFC-12 concentration in seawater,
and F is the solubility from Warner and Weiss (1985) based on
potential temperature (6) and salinity (S), and sat, the saturation
of CFC-12 at the formation region from the 2005 data. The
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Fig. 5. CFC-12 relic age maps in years (a) for SAMW and (b) for AAIW. The dashed
line in panel (a) is the location of the SAF and the dashed line in panel (b) is the

location of the PF, from Orsi et al. (1995).

equation does not take into account the path of the water parcel.
The assumption is that the temperature and salinity do not
change once leaving the formation region (see Section 5.1 for
error analysis). The pCFC is compared to the atmospheric history
to obtain a year of formation (Walker et al., 2000). This year of
formation is then subtracted from present day to determine the
age of the water mass. When the CFC-12 concentrations are
< 0.02 pmol kg~ 1, ages are not calculated due to the large errors
at these low concentrations (Smethie et al., 2000).

Typically the pCFC age at the region of formation is not zero
due to mixing, dilution, and entrainment of older waters during
formation. The non-zero formation age is known as the relic age
of the water mass (e.g. Fine et al., 2002) and is subtracted from
the pCFC age to properly account for water mass formation
processes that cause undersaturation of CFC-12 in newly formed
water masses. In this study, relic ages for SAMW and AAIW are 10
years and 15 years, respectively, estimated from the winter 2005
SAMFLOC data. The relic age of AAIW is greater than that of
SAMW due to more significant mixing and entrainment of lower
CFC-12 concentration waters as AAIW subducts below the SAF
(Fig. 3b).

The relic corrected pCFC-12 ages are fairly zonal, with the
youngest waters close to the source and progressively aging as
distance from the source increases. This pattern allows for division
of the South Pacific into seven meridional domains, in which the
average annual percent change (p.) for the year of formation is
calculated over each domain. In other words, p. is the amount the
atmospheric CFC-12 changed in one year compared to the previous
year:

_ atm,—atmy
Dec= (701'1711 ) x 100 3

where atm, is the atmospheric concentration of the year of formation
(Eq. (2)), and atm; is the atmospheric concentration of the previous
year. The p. is then used in the calculation of the normalization
factors.

Normalization factors (Ny) are calculated using:

Ny = (Y2005 —Ya)Dc 4

where Y5005 is the chosen constant date of 2005, Yy is the date of the
hydrographic cruise, and p. is the annual atmospheric percent
change for the year the water mass was formed (Eq. (3)) averaged
over each domain. CFC-12 inventories at each station for SAMW and
AAIW are normalized specifically to each cruise, rather than
averaged. Data collected within one year of 2005 are not normalized.
In principle, we modify the CFC data to become quasi-synoptic, as if
they all were collected in 2005. As a check on the normalization
process, inventories are also normalized to 1992. 1992 was the year
with the most WOCE cruises over the South Pacific. Inventory
patterns are similar using normalized data of 1992 (not shown)
and 2005. Table 2 contains the average normalization factor within
each domain, as well as the range of normalization factors.

4. Water mass formation rates

Average water mass formation rates over the period of CFC input,
mostly since 1970, are calculated based on (Smethie and Fine, 2001;
Kieke et al.,, 2006; LeBel et al., 2008)

CFCipy

R=———v 5
p [ [Cs(t)sat]dt ©)

where CFC,,, is the normalized CFC-12 inventory from 2005 in moles,
p is the density of water (kg m~3), C(t)(pmol kg~ ') is the CFC-12
concentration at the source at 100% equilibrium with the atmosphere
for the years 1970-2005, and sat is the percent CFC-12 saturation at
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Average normalization factors and range of normalization factors over the inventory domains for SAMW and AAIW. Each hydrographic station has its own factor based on
time of cruise and relic age of water at that location.

Latitude Longitude SAMW average Range of normalization AAIW average Range of
normalization factor factors for SAMW normalization factor normalization
factors for AAIW

64-54°S 75°W-150°E 1.06 1.05-1.07 1.14 1.11-1.15
54-45°S 75°W-150°E 1.15 1.12-1.16 1.25 1.19-1.26
45-36°S 75°W-150°E 1.45 1.36-1.54 1.60 1.48-1.73
36-27°S 75°W-150°E 1.77 1.55-1.84 1.90 1.66-1.99
27-18°S 75°W-150°E 2.01 1.78-2.19 2.05 1.81-2.23
18-0°S 75°W-150°E 2.31 2.04-2.60 217 1.07-2.43
0-20°N 75°W-150°E - - - -

the source, 95% and 60% for SAMW and AAIW, respectively.
The assumptions are that the percent saturation at the time of
formation and the formation rate are constant over the period of
CFC input (see Section 5.3 for a discussion of errors associated with
this assumption).

Based on this inventory, the water mass formation rate for SAMW
remaining within the South Pacific is 7.3 + 2.1 Sv (1 Sv=10°m?®s~1).
The formation rate for AAIW is 5.8 + 1.7 Sv (see Section 6 for error
analysis). These rates represent the average formation rates for
SAMW and AAIW within the South Pacific over the major period of
CFC input from 1970 to 2005.

One potential influence on the formation rates not included is
obduction. Obduction is the transfer of water from the permanent
thermocline to the mixed layer above (Qiu and Huang, 1995). The
process of obduction may affect the CFC saturation, influencing the
inventories and formation rates. A flux of older water from
the permanent thermocline into the mixed layer would result in
CFC saturations significantly out of equilibrium with the present
atmosphere. From the 2005 winter data, we find that within the
mixed layers, CFC and oxygen saturations are close to equilibrium in
the density range of SAMW and AAIW (Section 2.3). Thus, we assume
that the effect of obduction on the CFC saturations is small.

There are regions of potential CFC loss from the layers of SAMW
and AAIW and from the South Pacificc CFC concentrations are
decreased within the layers of SAMW and AAIW by vertical mixing.
While we cannot directly quantify this loss, observations show that
CFC concentrations are at or close to zero below AAIW. Similarly, on
SAMW and AAIW isopycnals in the Pacific subtropical gyre, CFC-12
concentrations are at or close to zero, northwest of 30°S, 160°E (not
shown). These observations suggest that there is a minimal transfer
of CFC-12 to the layers below and to the Indian Ocean via the
Indonesian Throughflow. Furthermore, if concentrations of CFC-12
are near zero and are being mixed to layers below, these losses are
insignificant to our inventory and formation rate calculations.

The total formation rate of SAMW and AAIW in the South Pacific
additionally includes the portions that exit to the Atlantic Ocean
through the Drake Passage (McCartney, 1977, 1982; Talley, 1996). To
estimate the formation rates, we calculated volume transports along
our winter 2005 77°W section from 55°S to 61°S, within the SAMW
and AAIW layers. The meridian 77°W was chosen because it is the
closest hydrographic section to the Drake Passage. Geostrophic
transports were calculated relative to the bottom. We estimate that
4.4+ 0.6 Sv of SAMW was transported across 77°W, comparable to
the 4.8 +0.5 Sv reported by Sloyan and Rintoul (2001b) using an
inverse model and an independent data set. Combining the formation
rate of SAMW based on the CFC-12 inventory in the South Pacific
subtropical gyre of 7.3 Sv with the geostrophic transport across 77°W
of 4.4 Sv yields an average of 11.7 2.2 Sv (see Section 5 for a full
analysis of errors) of SAMW that is inferred to be forming in the
southeast Pacific.

A total of 19.8 + 2.0 Sv of AAIW was transported across 77°W
in 2005, relative to the bottom. As AAIW is a small part of the

large transport of the Subantarctic Zone, it is difficult to quantify
how much newly formed AAIW is being transported through the
Drake Passage. There is significant circumpolar-circulated AAIW
within the ACC as well as recirculation of AAIW southward along
the Chilean coast (Koshlyakov and Tarakanov, 2005). Thus, for
AAIW we consider the 5.8 +1.7 Sv calculated from the South
Pacific CFC inventory as a lower bound on the rate of AAIW
formed in the southeast Pacific.

Error estimates on the transports are derived from Firing et al.
(submitted for publication). They find a mean transport of 95 Sv with
a standard deviation of 10 Sv from 51 direct velocity transects of the
upper 1000 m of the Drake Passage, made over a period of 4.5 years.
We estimate a total of 24.2 Sv (4.4+19.8 Sv) of SAMW and AAIW
transported across 77°W. We scaled the standard deviation reported
by Firing et al. (submitted for publication) by the transport ratio
(24.2/95), assuming the error is distributed proportionately, to
estimate an error of +2.5Sv on the transports across 77°W. Our
SAMW/AAIW transport estimate likely underestimates the transport
because it is only the baroclinic component. However, since the error
estimate is based on direct velocity observations, it included both
barotropic and baroclinic variability. Also, the error may overestimate
variability in the SAMW/AAIW transport, as the Firing et al
(submitted for publication) study included surface waters. There are
a few studies that have looked at the total transport of SAMW and
AAIW within the Drake Passage. Cunningham et al. (2003) find
approximately 36 + 2.7 Sv of SAMW and AAIW based on a series of
sections within the Drake Passage from 1993 to 2000. Naveira
Garabato et al. (2003) use an inverse model across multiple sections
within the Drake Passage and find approximately 28 4+ 2.5 Sv of
SAMW and AAIW. Our transport is close to that found in Naveira
Garabato et al. (2003). However, it is considerably less than
the Cunningham et al. (2003) transport. Transports of SAMW and
AAIW may increase once within the Drake Passage due to diapycnal
diffusion, as was shown for AAIW in Naveira Garabato et al. (2003).
We can see from these three studies that variability in the transport
of SAMW and AAIW through the Drake Passage is small. This error
estimate helps support our conclusion that 11.7 4 2.2 Sv for SAMW is
an average formation rate.

5. Error analysis

The error analysis follows that of LeBel et al. (2008). Significant
errors in the formation rates result from three sources: errors
related to CFC input, errors on the integrated inventories and their
normalization to a constant date, and errors associated with
assuming a constant formation rate over the period of the CFC input.

5.1. CFC input and solubility

The errors related to the CFC atmospheric source are due to the
uncertainties in the atmospheric time history of the CFCs, and the
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uncertainties related to the solubility of CFCs. Atmospheric time
history errors are considered less than 1% after 1970 (Walker
et al., 2000). The solubility of CFCs as a function of temperature
and salinity is well known from Ilaboratory measurements
(Warner and Weiss, 1985). A change in temperature after leaving
the formation region, which has the most effect on solubility, of
1-2 °C results in approximately 4-6% uncertainty in the solubility
(Eq. (2)). Within the South Pacific, SAMW and AAIW change by
approximately 1-2 °C between ~60°S and 20°S.

5.2. Integrated CFC inventories and time normalization

The sources of error in the CFC inventories are from measure-
ment errors on individual seawater samples, errors due to
normalizing data to a constant date, and errors due to limited
spatial coverage. The measurement errors on individual samples
are less than 2%, which propagate through the vertical integration
to approximately 2% (Smethie and Fine, 2001). Errors from
normalizing the data are estimated by comparing the CFC-12
concentrations of the normalized data to the original data from
the occupations of P16, along 150°W, in 1991-1992, and in
2005-2006. The total average errors due to normalizing CFC-12 to a
constant date are approximately 20% for both SAMW and AAIW.

Lastly, there are the errors associated with the spatial integra-
tion of the interpolated CFC-12 inventories. Regions of less dense
sampling and of large CFC gradients will generate the most error
in the CFC inventories (e.g. Waugh and Abraham, 2008). A boot-
strap method is used in which 50% of the inventory data is
randomly selected 100 times, gridded, and the root mean square
variability (rms) is calculated for each grid point (Rhein et al.,
2002; Kieke et al., 2006; LeBel et al., 2008). The resulting rms is a
measure of the degree of uncertainty in the CFC-12 inventory due
to the combined effects of the errors, non-synopticity of the
cruises, large gradients in the data, and the spatial resolution of
the data. The errors are 3% for SAMW and 6% for AAIW. Larger
errors are associated with AAIW possibly due to stronger gradi-
ents in AAIW. These errors are the most conservative estimates, as
they are based on the largest rms values.

5.3. Constant formation rate

In applying the CFC inventory method, percent saturation and
formation rates are assumed to be constant over the time of CFC
input, 1970s-2005. LeBel et al. (2008) and Smethie and Fine
(2001) carried out elaborate sensitivity studies on Labrador Sea
Water (LSW) to address this. While there is very well documented
variability within LSW (Dickson et al., 1996; Lazier et al., 2002),
there is only limited information on the variability of SAMW
and AAIW.

Between 1993 and 2004, the South Pacific subtropical gyre
wind-driven circulation increased by at least 20% (Roemmich
et al., 2007). The increase in gyre circulation is attributed to an
increase in the Southern Annular Mode (SAM) from 1990 to 1999,
with a peak in 1998. During a positive SAM, subpolar westerlies
increase with a resulting increase in the northward Ekman
transport, as well as a global asymmetric deepening of the mixed
layers affecting SAMW and AAIW (Hall and Visbeck, 2002;
Naveira Garabato et al., 2009; Sallee et al., 2010b).

In this study, we use the Roemmich et al. (2007) circulation as
an example of the potential effects of the SAM on intermediate
water circulation and formation rates. We assume that a change
in the wind forcing, along with a change in the mixed layer depth,
will affect the formation of SAMW and AAIW, although we
acknowledge that formation changes may not be uniform across
the South Pacific (Sallee et al., 2010b). A sensitivity study is

carried out to estimate the change in formation rates for SAMW
and AAIW based on changes in the SAM. For lack of a better
number, we used 20% from the Roemmich et al. (2007) circulation
study and varied the formation rates over the SAM index
(Marshall, 2003). We assume a linear response between SAM
and the formation of SAMW and AAIW with no lag between the
forcing and the response of SAMW and AAIW. The resulting
formation rate for SAMW could then vary between 14.0 Sv
(2003) to 9.4 Sv. For AAIW, the formation rate could vary between
7.0 Sv (2003) to 4.6 Sv.

5.4. Total error

The total error in the formation rates for SAMW and AAIW is
calculated by combining the errors in CFC input and solubility,
CFC inventories and normalization, and the assumption of con-
stant formation rate. The errors are combined as the square root
of the sum of the errors (Wolberg, 1967). These terms contribute
a total error of 29% for SAMW and 30% for AAIW. The errors
represent the most conservative estimates for the formation rates
presented here.

6. Discussion
6.1. SAMW and AAIW formation areas

A map of the SAMW CFC-12 inventory (Fig. 4a) shows there are
two areas of relative maxima ( > 0.6 mol km~2), one centered on
90°W and the other centered on 150°W. We interpret these
maxima as evidence of two main areas of SAMW formation in
the Pacific sector of the Southern Ocean, consistent with the
findings of McCartney (1982). Winter mixed layer depths greater
than 400 m, equatorward of the SAF, are associated with each
area (Holte et al., submitted for publication). In the Pacific the
highest inventory of SAMW is centered on 90°W. This is visible
from the inventory map with a large area of greater than
0.8 mol km~2 (Fig. 4a).

The second high CFC-12 inventory lies between about 170°W
and 130°W, it is greater than 0.6 mol km 2. This high inventory is
consistent with the findings in Sallee et al. (2010a), of a new area
of SAMW formation over the Eltanin Fracture Zone (140°W).
However, Sallee et al. (2010a) do not find any formation of SAMW
in the southeast Pacific, where this study finds the greatest Pacific
inventory of CFC-12.

CFC-12 inventory maximum ( > 0.7 mol km~2) for AAIW also
lie within the southeast Pacific (100°W), poleward of SAMW
(Fig. 4b). They are associated with low salinity at potential
densities greater than 27.06 gy, and are located south of the
SAF. The maximum in the AAIW inventory in the southeast Pacific
is consistent with previous findings (Iudicone et al., 2007), which
report that the main site of AAIW formation is the southeast
Pacific followed by AAIW transport into the subtropical gyres of
both the Atlantic and Pacific.

For both SAMW and AAIW, more than 98% of the total CFC-12
inventory still remains poleward of 30°S. This high percentage is
due to the significant uptake of gases near the fronts associated
with the ACC and within the deep winter mixed layers. The
substantial decrease equatorward of the maximum inventories is
due to mixing with depleted CFC waters as SAMW and AAIW are
transported northward from the fronts.

6.2. Mesoscale eddy influence on SAMW and AAIW formation

Within the original (non-gridded) inventories of SAMW and
AAIW along 170°W and 150°W there are stations of higher than
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average CFC-12 inventories. Upon close investigation of the
hydrographic data and satellite images from the time of the
170°W cruise in 1996 and the 150°W cruise in 2005, these
CFC-12 inventory maxima appear to be coincident with eddies.
Hydrographic data, such as temperature, salinity, and density
along the sections, suggest that these eddies are approximately
two degrees in diameter. The properties within these eddies
are similar to those found within SAMW and AAIW in the high
CFC-12 inventories further to the east.

Between 170°W and 150°W, there were multiple cyclonic
and anticyclonic eddies observed in 1996 and 2005. The
cyclonic cold-core eddies are enriched in CFC concentrations
(Fig. 6). Originating from the south, they apparently transport
cold, gas enriched waters equatorward to influence properties
of SAMW, as also observed south of Tasmania (Morrow et al.,
2004; Herraiz-Borreguero and Rintoul, 2010). The anticyclonic
eddies have the potential to be sites where CFCs are added
through air-sea modification similar to what was observed
south of Africa by Olson et al. (1992). In addition, in the
Subantarctic Zone, the East Australian Current (EAC) is a source
of warm and salty anticyclonic eddies influencing SAMW
properties (Ridgway and Dunn, 2007). The Southern Ocean,
and in particular the fronts associated with the ACC, are
dominated by eddies, especially along 170°W, the Campbell
Plateau, and the Australian sector of the Southern Ocean
(e.g. Olson and Emery, 1978; Gille et al., 2000; Phillips and
Rintoul, 2000). Eddies play a critical role in the stratification
and circulation of the Southern Ocean, and have been shown to
affect tracer and CO, distributions, as well as the formation of
AAIW (e.g. Lachkar et al., 2007, 2009). Therefore, depending on
the number of eddies shed per year by the ACC, the EAC, and
due to the influence of the Campbell Plateau, eddies could be
making a significant contribution to the formation and proper-
ties of SAMW and to a lesser extent AAIW. A rough calculation
of removing two to three CFC-12 enriched eddies from the
inventory calculation, decreased the total inventory by approx-
imate 5%, or each eddy decreased the inventory by about 2%
and approximately 0.1 Sv change in the formation rate. The
tracer method of CFC-12 inventories and formation rate
calculations presented here takes into account all formation
mechanisms contributing to SAMW and AAIW, including eddy
processes.

6.3. Global comparison of mode and intermediate waters

SAMW and AAIW are an integral part of the global over-
turning circulation. They are formed at specific sites in the
Southern Ocean and modified within each of the Atlantic,

Indian, and Pacific Oceans and transported between the three
oceans.

A few observational and model studies have attempted to
calculate formation rates for SAMW and AAIW within the
South Pacific. For a more complete comparison with other
work see Table 3. Considering the substantial differences in
the chosen density layers used by each study, the closest
comparison can be made for SAMW with that of Qu et al.
(2008). Qu et al. (2008) use high resolution CTD and ARGO
profiles of differences in winter mixed layer depths to calcu-
late an annual subduction rate for the SAMW. In the South
Pacific, they estimate approximately 11.6 Sv of SAMW is
formed, and this compares very well to our value of
11.7 £+ 2.2 Sv. Since the calculation of Qu et al. (2008) misses
much of the lower part of AAIW, the closest comparison for
AAIW is with that of Sloyan and Rintoul (2001b). Sloyan and
Rintoul (2001b) calculate formation rates based on inverse
methods for AAIW of 4.5 Sv, compared to our value of at least
5.8 + 1.7 Sv. Thus, these recent estimates for formation of
SAMW and AAIW in the South Pacific that use physical
parameters are in good agreement with the CFC-12 inventory
method presented here.

SAMW and AAIW are also formed in the South Atlantic and
Indian Oceans. Karstensen and Quadfasel (2002) estimate
approximately 9-10 Sv of mode and intermediate waters sub-
ducted in the South Atlantic. Sloyan and Rintoul (2001b)
estimate 8.4 Sv of AASW transformed into SAMW in the South
Atlantic. As for the Indian Ocean, Sallee et al. (2010a) find
approximately 4 Sv of light SAMW formed just in the southeast
Indian Ocean. Sloyan and Rintoul (2001b) estimate 16 Sv of
SAMW and 6.6Sv of AAIW formed within the Indian
Ocean. Karstensen and Quadfasel (2002) estimate approxi-
mately 22 Sv of mode water subducting in the Indian Ocean.
Based on these estimates it appears that the formation of
17.5Sv (11.7 +at least 5.8 Sv) of SAMW and AAIW within the
South Pacific is greater than that formed in the Atlantic. It also
appears the SAMW formation within the Indian Ocean is
greater than that of the Pacific Ocean. However, the volume of
the mode water layer within both the Karstensen and Quadfasel
(2002) and Sloyan and Rintoul (2001b) studies is thicker and
extends higher into the water column than in the Pacific. When
looking at only the densest mode waters in the Indian Ocean
from Karstensen and Quadfasel (2002), comparable to that of
the South Pacific, the formation of SAMW in the South Pacific is
greater than that of the Indian Ocean (~7 Sv).

How do the formation rates in this study of SAMW and AAIW
compare with rates of formation of northern hemisphere mode and
intermediate waters (Table 3)? In the North Atlantic, Labrador Sea
Water (LSW) has been observed to form in as deep as 1500 m mixed
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Fig. 6. Depth section along 170°W of CFC-12 concentrations in pmol kg~'. Black contours represent potential density in kg m 3. Cold core eddies centered around 51°S
and 47°S. Note the high CFC-12 concentration within these eddies extending into SAMW density surfaces (26.8-27.06 kg m~—3).
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Table 3

Comparison of mode and intermediate water formation rates within the literature. SAMW, Subantarctic Mode Water, AAIW, Antarctic Intermediate Water, LSW, Labrador

Sea Water, CMW, Central Mode Water, NPIW, North Pacific Intermediate Water.

South Pacific water mass Formation rate ( Sv) Author Method Density (kg m—3)
SAMW 11.7 This work CFC-12 inventory+ geostrophic transports 26.80-27.06

9 Fine et al. (2001) CFC ages 26.5-27.1

11.6 Qu et al. (2008) Annual subduction rate 26.8-27.1

11 Marsh et al. (2000) MICOM model 26.5-27.2

114 Sloyan and Rintoul (2001b) Inverse methods 926.0-27.0 y"

10.0 Macdonald et al. (2009) Inverse methods #26.2-27.1 y"

7 Sallee et al. (2010a, b) Annual subduction rate 26.8-27.0
AAIW 5.8 This work CFC-12 inventory 27.06-27.40

8 Fine et al. (2001) CFC ages 27.1-27.3

8.5 Marsh et al. (2000) MICOM model 27.2-27.5

4.5 Sloyan and Rintoul (2001b) Inverse methods #27.0-27.4 y*

10.0 Macdonald et al. (2009) Inverse methods 927.1-27.6 y"

4 Sallee et al. (2010a, b) Annual subduction rate 27.1-27.2
Water Mass Formation rate ( Sv) Author Ocean Basin
LSwW 7-12 Rhein et al. (2002), Kieke et al. (2006), LeBel et al. (2008) North Atlantic
SAMW + AAIW 9-10 Karstensen and Quadfasel (2002) South Atlantic
CMW 7.6 Ladd and Thompson (2001) North Pacific
NPIW 2.7 Wong et al. (1998) North Pacific
SAMW 4 Sallee et al. (2010a, b) Indian
SAMW 16 Sloyan and Rintoul (2001b) Indian
SAMW + AAIW 22 Karstensen and Quadfasel (2002) Indian
AAIW 6.6 Sloyan and Rintoul (2001b) Indian

2 Density is in neutral density rather than sigma-theta.

layers. Using the CFC inventory method to estimate formation rates,
LSW formation rates range from 7 Sv to 12 Sv and the formation is
known to vary over time (Smethie and Fine, 2001; Rhein et al., 2002;
Kieke et al., 2006; LeBel et al., 2008). For years with convection, LSW
rates are comparable to our total SAMW formation rate of
11.7 £ 2.2 Sv and greater than the 5.8 4+ 1.7 Sv lower bound estimate
for AAIW formed in the southeast Pacific.

Within the North Pacific, SAMW is compared with Central Mode
Water (CMW). CMW is formed via similar processes as SAMW,
within winter mixed layers and is characterized by a low in
potential vorticity (Oka and Suga, 2005). SAMW formation rate is
greater than CMW, 11.7 +2.2 Sv for total SAMW and 7.6 Sv for
CMW from an isopycnal model (Ladd and Thompson, 2001). North
Pacific Intermediate Water (NPIW), like AAIW is a salinity
minimum. Wong et al. (1998), estimate a minimum of 2.7 Sv of
NPIW forming in the Okhotsk Sea. This NPIW estimate is smaller
than our estimate of AAIW in the South Pacific, and this is not
surprising when the CFC distributions of the two water masses are
compared (Fine et al., 2001).

Total SAMW and AAIW formation rates for the South Pacific
are comparable to the formation rate of LSW, and are greater than
the formation rates of CMW and NPIW. SAMW and AAIW
formation in the South Pacific are also greater than the formation
within the Indian and Atlantic Oceans for intermediate densities.
Therefore, SAMW and AAIW formed in the South Pacific make a
significant contribution to the overall global formation and
circulation of mode and intermediate waters. The properties of
SAMW and AAIW formed in the South Pacific influence SAMW
and AAIW properties within the southern hemisphere subtropical
gyres. Their properties also influence global and low latitude
biological export production (i.e. Marinov et al., 2006; Roemmich
et al., 2007; Naveira Garabato et al., 2009).

7. Summary and conclusions

SAMW and AAIW influence the capacity of the southern hemi-
sphere subtropical gyres to store climatologically important

properties such as, heat, freshwater, and CO,. This study presents
the first wintertime observations of CFC-11 and CFC-12 saturations
within SAMW (94% and 95%) and AAIW (60%, north of the SAF)
within the southeast Pacific. Accurate knowledge of these winter
mixed layer saturations enables the robust calculation of CFC-12
inventories within SAMW and AAIW. The CFC-12 inventory maps
provide a basin-wide picture of the areas of formation of SAMW and
AAIW. In the Pacific sector of the Southern Ocean the primary region
of formation of SAMW and AAIW is the southeast Pacific. The
inventory maps provide direct evidence that SAMW also has another
major area of formation in the central Pacific, as proposed
by McCartney (1982). Higher CFC-12 inventories in eddies in the
central Pacific are suggestive of higher local formation rates for
SAMW, and to a lesser extent for AAIW. The CFC-12 inventories are
used to calculate formation rates for SAMW at 7.3 +2.1Sv and
5.8 + 1.7 Sv for AAIW that circulate within the South Pacific sub-
tropical gyre. Based on a transport of 4.4 Sv from the South Pacific
through the Drake Passage, the total formation rate of SAMW in the
South Pacific is 11.7 4+ 2.2 Sv. The AAIW formation rate of 5.8 + 1.7 Sv
is a lower bound on the formation of AAIW within the South Pacific,
as we cannot estimate the volume transport of newly formed AAIW
through the Drake Passage. The CFC-derived formation rates repre-
sent the average water mass formation rates over the period from
1970 to 2005, and take into account all formation processes, includ-
ing eddies, winter convection, and mixing. SAMW and AAIW forma-
tion in the South Pacific represent a major portion of the mode and
intermediate water formation worldwide. This study provides a
multi-decadal average of SAMW and AAIW formation rates, providing
a baseline with which to compare past and future formation rates of
SAMW and AAIW.
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