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ABSTRACT. InJuly—September 1999, an extensive oceanographic survey (87 conduc-
tivity-, temperature- and depth-measuring stations) was conducted in the Mertz Glacier
polynya over the Adélie Depression off the Antarctic coast between 145° and 150° E. We iden-
tify and describe four key water masses in this polynya: highly modified circumpolar deep
water (HMCDW), winter water (WW), ice-shelf water (ISW) and high-salinity shelf water
(HSSW). Combining surface velocity data (from an acoustic Doppler current-profiler) with
three hydrographic sections, we found the HMCDW to be flowing westward along the shelf
break (0.7 Sv), the WWand HSSW flowing eastwards underneath Mertz Glacier (2.0 Sv) and
that there was a westward return flow of ISW against the continent (1.2 Sv). Using a simple
box model for the exchanges of heat and fresh water between the principal water masses, we
find that the polynya was primarily a latent-heat polynya with 95% of the total heat flux
caused by sea-ice formatlon This heat flux results from a fresh-water-equivalent sea-ice
growth rate of 4977 cmd ' and a mass exchange between HMCDW and WW of 1.45 Sy
The inferred ocean heat flux is 814 W m ? and compares well with other indirect estimates.

1. INTRODUCTION the ice-free region extends well beyond the zone of strong

winds, and this polynya (~200 km wide) is wider than most
Brine rejection during sea-ice formation plays a critical role (Massom and others, 1998). Its unusual width is partly
in the increase of wintertime salinity over the continental caused by the shape and northward orientation of Mertz
shelf that is necessary for the formation of bottom water. Glacier Tongue blocking the westward transport of sea ice.

Polynyas are regions where the rate of sea-ice formation
may be up to 10 times greater than in the surrounding sea-
ice zone (Zwally and others, 1985). A detailed census of the
significant polynyas between 40° and 160° E, using satellite

. . . 645
passive-microwave data over an 8 year period, shows that

the largest and most persistent polynyas are the Shackleton
Ice Shelf and the Mertz polynyas, with an average area in
winter of 30000 and 23000 km® respectively (Massom
and others, 1998). However, in spite of its larger size the -85.5x
Shackleton Ice Shelf (near 95°E) is not associated with
bottom water formation (Bindoff and others, 2000a). The
factors that affect ice production, and therefore brine rejec-
tion, are not limited to the size of the polynya alone, but also _66.5
include the strength and direction of the local winds, and air

66

Latitude 'S

and water temperatures. Along the Antarctic coastline, the
Mertz polynya (67°S, 145° E) is in a region of some of the
world’s strongest and most persistent winds (Ball, 1957; el
Adolphs and Wendler, 1995). It is these intense meteorologi- +=CTD
cal conditions that give rise to the Mertz polynya having

GLAGIER

what is believed to be the greatest ice production in East %42 14256 143 1435 144 1445 166 1455 146 1465 147
Antarctica (Cavalieri and Martin, 1985). Longitude &
The Mertz polynya lies immediately above the Adélie

Depression (Fig. 1) and forms to the west of Mertz Glacier. Fig. 1. TheTerre Adélie coastline from 142° to 147° E, showing
Its size 1s also partly controlled by the line of grounded ice- the geographical setting for the Mertz polynya experiment and
bergs and fast ice that extends north from this glacier (at wn particular the Adelie Depression and Mertz Glacier. The
146° E), blocking the westward flow of sea ice into the poly- locations of the C'I'D stations along the western edge of Mertz
nya area. The katabatic winds are strongly offshore at the Glacier are shown for repeat 3 of this section ( stations 79—89).
coastline, turning westwards within 20-30 km. However, (Inset: the location of Mertz polynya in Antarctica.,)

399

https://doi.org/10.3189/172756401781818185 Published online by Cambridge University Press


https://doi.org/10.3189/172756401781818185

Bindoffand others: Water-mass modification in Mertz polynya during winter

However, the polynya also becomes ice-free earlier in the
spring than locations immediately to the east and west
(Gloersen and others, 1992; Massom and others, 1998), which
may be the result of the upwelling of warm modified circum-
polar deep water (MCDW) in the polynya region (Rintoul,
1998). The polynya has a strong seasonal signal, with its areal
extent typically becoming largest in October, ranging from
20000 to 60 000 km® (Massom and others, 1998). Tts fastest
rate of growth tends to occur during August—September,
which is consistent with observations of maximum sea-ice
production and coincides with the colder bottom waters
observed 1n temperature time series measured offshore
(Fukamachi and others, 2000).

The Australian-Antarctic basin is associated with bottom
water formation off the Terre Adélie coastline near 140° E
(Gordon and Tchernia, 1972). However, this source has been
considered relatively weak, and the bottom waters found in
this basin were thought to be the product of mixing between
Ross Sea bottom water (RSBW) and Weddell Sea bottom
water (WSBW) (Carmack, 1977). However, recent hydro-
graphic observations along 140° E have shown a local maxi-
mum in bottom CFC-11 and oxygen concentrations, and a
minimum in bottom temperatures (Bindoff and others, 1997
Rintoul and Bullister, 1999). This maximum in CFC-11 and
oxygen concentrations cannot be obtained by mixing RSBW
and WSBW in this basin, because both of these water masses
have lower CFC-11 and oxygen concentrations and warmer
temperatures in this basin. This suggests that the bottom
waters 1n this basin have a local source. The identification of
a source of bottom water on the continental shelfin the Adélie
Depression near Mertz Glacier (Gordon and Tchernia, 1972;
Rintoul, 1998) led to a reinterpretation of the volumetric cen-
sus of bottom waters. This showed that Terre Adélie bottom
water has a volume second only to WSBW and three times
that of RSBW (Rintoul, 1998).

This paper presents the first wintertime hydrographic
sections taken in this important source region of Antarctic
bottom water. We describe the distribution and circulation of
water masses present along three repeats of a hydrographic
section across the Adélie Depression. We then develop a
simple model of the major processes of interactions with the
atmosphere and ice shelf operating within the Mertz polynya
that are responsible for forming the observed wintertime
water masses.

2. DESCRIPTION OF THE STUDY AREA

Location

Mertz Glacier exits the Terre Adélie section of the Antarctic
coast at 145° E, 67° S (Fig. 1). The floating ice shelf extends
over the Adélie Depression and is probably grounded on
the shallow bathymetry to the north.

Over this shallow bathymetry, a line of grounded ice-
bergs is found with the same northeast—southwest orienta-
tion as the glacier tongue. During winter, fast ice connects
these icebergs to Mertz Glacier, creating a continuous zone
of ice from the coast to the shelf break (Massom and others,
1998, 2001). The Mertz polynya lies immediately to the west
of this barrier.

Bathymetry

The bathymetry is dominated by the Adélie Depression, a dis-
400
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tinct basin with a maximum depth of 1200m. A trough
located at 143° E, 66° S connects the Adélie Depression across
the continental shelf break to the deep ocean. The GEBCO
(general bathymetric chart of the oceans) contours (Fig. 1)
show that the Adélie Depression extends eastwards beneath
Mertz Glacier and is closed below 500 m. However, other
maps east of Mertz Glacier show a trough deeper than 500 m
connecting the depression to the shelf break (Rintoul, 1998).

The observation program

Between 29 July and 23 August 1999, 87 conductivity-, tem-
perature- and depth-measuring (C'TD) stations were occu-
pied within the Adélie Depression as part of a joint sea-ice
oceanography project investigating the Mertz polynya in
austral winter. Three occupations of a closed loop against
the Antarctic coastline and along Mertz Glacier were un-
dertaken (74 stations). The loop was positioned to enclose
the central area of the polynya and trace the edge of Mertz
Glacier along its western flank. A number of other stations
were occupied in the western trough between the depression
and the shelf break, and along the shelf break towards
Mertz Glacier.

Vertical profiles of conductivity, temperature and pres-
sure were obtained with a Neil Brown Mk 3 (World Ocean
Circulation Experiment (WOCE) upgrade) CTD device.
Each cast was to within 10 m of the bottom. On each CTD
cast, water samples were taken at selected depths with Niskin
bottles deployed on a 12-bottle rosette. The calibrated CTD
salinity data were analyzed with a rms precision of 0.003 psu
(practical salinity units) and an overall accuracy of 0.002 psu.
Temperature and pressure calibrations of the CTD before
and after the cruise produced an accuracy of the CTD tem-
perature and pressure data of 0.001°C and 6 dbar, respective-
ly. Niskin bottle samples were also analyzed for dissolved
oxygen concentrations using standard WOCE methods and
are accurate to 1 % (Saunders, 1991). The primary focus is on
the three eastern sections of each loop along the edge of
Mertz Glacier Tongue (repeat 1: stations 22—-31; repeat 2: sta-
tions 46—56; repeat 3: stations 79-89) (see Fig. 1). The nominal
station spacing along the Mertz section was 5 nautical miles.

Data were also collected from an acoustic Doppler
current-profiler (ADCP) mounted in the hull of the RSV
Aurora Australis behind an 8lmm polyethylene window.
Orientation and speed of the ship was provided by an Ash-
tech three-dimensional global positioning system. These
data were calibrated for bias and misalignment errors using
both bottom tracking and acceleration methods. However,
certain systematic biases occur when the ship is underway.
In this paper we use only the best-quality ADCP data, col-
lected when the RSV Aurora Australis was either on station or
moving at a speed of <0.35ms .

3. PROPERTY DISTRIBUTIONS AND CIRCULATION

The temperature and salinity section along Mertz Glacier from
the third and first repeats of the section (Figs 2 and 3, respect-
wvely) shows four distinct water masses and two frontal systems.
This section was collected towards the end of the voyage (19-21
August) after an intense outbreak of cold air temperatures off
the continent. The warmest waters (>—188°C) are observed
on the northern side of the Adélie Depression, and the coldest
at the southern end ( <—2.0°C). The coldest waters form a local
minimum at 300 dbar adjacent to the continent.
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31). The station locations are the same as those for

20

10
Fig. 3. The salinity field ( psu) along the section taken on repeat 1 ( stations 22—

repeat 3 shown in Figure 1.
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Table 1. The major water masses that were found along the
edge of Mertz Glacier in winter and their definitions in terms
of potential density. Also shown are area-averaged potential
temperature and salinity for the three repeat sections

Potential density Area-averaged Area-averaged
salinity polential temperature
kgm’® psu °C
HMCDW <2788 34.586 —1.898
ww 27.88-27.91 34.644 —1.907
ISW <27.88 34.602 —1.931
HSSW >2791 34.680 —-1.910

While the temperature section along Mertz Glacier is
relatively simple, the salinity section is more complex. This
is best seen in repeat | (Fig. 3), where the freshest waters occur
near the surface to the north and progressively increase in
salinity through a front into a region of very uniform salinity
that extends from near the surface to 300-400 dbar. Further
south, there is another strong gradient in salinity, with the
fresher values observed close to the continent. The most saline
waters in this experiment (>34.7 psu), were found below a
relatively homogeneous layer located over the middle of the
depression and its northern flank.

In the salinity section, two fronts were observed. The first
occurs on the northern side of the depression between
stations 26 and 27. On the southern side of the depression

there is a second front between stations 29 and 30. All three
repeats of this section showed these two fronts. Although
their position varied on each occupation, they are typified
by a single potential density contour (Table 1). Both the
northern and southern fronts are associated with a 27.88
kg m ? potential density surface (Figs 2 and 3, shown as thick
contours). The thick, relatively homogeneous water that lies
between these two fronts is bounded at depth by the 27.91
kg m  potential density surface.
These horizontal gradients in the salinity (and hence
density field) imply significant vertical shear in the ocean
currents through this section. However, because of the diffi-
culty in determining the precise reference velocity to use
with the density field alone, we have used the horizontal
components of the surface velocities from the ADCP meas-
urements rotated normal to the section. The ADCP coverage
along the section is not always complete, so the ADCP refer-
ence velocity field has been averaged over all three repeats of
this section. This averaged reference velocity has been added
to the geostrophic velocity field obtained by integrating the
thermal wind equations from the surface to the ocean floor.
In this way, the horizontal velocity through each vertical
section was formed (third repeat is shown in Fig. 4). The
maximum rms variability of the averaged ADCP velocities
of about 9 cms ' is an estimate of the uncertainty in the sur-
face reference velocity (and velocity field at depth).

The ADCP surface reference (at 20 dbar) is quite large
compared to the contribution to the velocity from the
thermal wind equations and makes the velocity field largely
barotropic. In the following, the flow is examined in terms
of the velocity component normal to the section. Although
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Fig. 4. The geostrophic velocity field (cm s ') normal to the section along Mertz Glacier for repeat 3, referenced to the average

surface ADCP velocities.
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Fig. 5. 08 scatter plot of all 2 dbar CTD data collected along
the section ( stations 22—31,46-56, 79-92). Lines of constant og
are superimposed ( dashed line) to highlight water-mass bound-
aries defined in lable 1. Shown also is the surface freezing-point
curve (continuous line ).

the section does not run north—south, the direction of this
component will subsequently be expressed as either east-
ward or westward. On the northern side of the Adélie
Depression in ocean depths shallower than 500 dbar the flow
field is westward (out of page). Over the Adélie Depression in
ocean depths of > 500 dbar the direction of the flow field
changes to eastward, 1.e. into Mertz Glacier, before returning
westward again in the shallower waters near the Antarctic
continent. This westward return flow adjacent to Antarctica
is where the flow is strongest, exceeding 20 cm sfl, and is quite
narrow compared to the currents to the north.

4.WATER MASSES

We identify four distinct water masses in the CTD data in this
section. The relatively warm, fresh and oxygen-poor water
found north of the northern front is termed highly modified
circumpolar deep water (HMCDW) (Figs 5 and 6). The
relatively homogeneous and non-stratified water between the
two fronts is called winter water (WW), and the cold water
south of the southern front is called ice-shelf water (ISW).
The densest water that lies in the Adélie Depression is typic-
ally deeper than 500 dbar and bounded above by a 29.1 kg m *
potential density surface, and is termed high-salinity shelf
water (HSSW). The bounding properties for each of these
four water masses are listed in Table | and are marked in
Figures 2-4.

These definitions differ from those of Rintoul (1998) and
Whitworth and others (1998), but are consistent with the
frontal locations and boundaries of the water masses
observed in winter. HMCDW is equivalent to the densest
varieties of MCDW presented in the nomenclature of Whit-
worth and others (1998). Our WW and HSSW are both dense
enough to be classified as shelf water in their scheme. The key

distinction between our WWand HSSW is that WW is weakly

https://doi.org/10.3189/172756401781818185 Published online by Cambridge University Press

340 ——
3851 4
o o
o4
330} o 3 @ 0% nssw]
o Qo ©
.0 F PR O O,
i
26 °® c%’%(%% ®
-~ to o
< 4 + o
% 1SW - + 96 %O
2 —— WW
g n + o ++¢fa“ o} y <
+ % o
2320 + X% <
% -3—*} x*j‘ _}_k ¥ o@
g B 4+ & 0970
o xX X x
sl P x
*"fﬁx *
« x )?( x
XX wyx x X
% * ig; x x XX
310 HMODW > ¥ & " x
%
2% %X b4 s x
x
3051
a00 s L L L
345 34.55 346 34.65 347 34.75
Salinity {psu}

Fig. 6. 0= scatter plots of all C'TD bottle data collected on
all three sections ( stations 2231, 46-56, 79-92).

stratified while HSSW is more strongly stratified and much
saltier (>34.66 psu).

The potential temperature and salinity diagram shows a
strong relationship between HMCDW, WW and HSSW
(Fig. 5. HMCDW, WW and HSSW have a broadly linear
relation between the coldest and saltiest forms of HSSW
and the warmest and freshest forms of HMCDW. The
HSSW shows the least scatter from this linear relation, con-
sistent with the water mass being isolated from the atmos-
phere (at the time of collection). Although the HSSW is
colder than the surface freezing point, it is not supercooled
compared with the freezing temperature at 40dbar,
suggesting that it was formed near the surface (unlike
ISW). The WW (27.91-27.88 kg m ° potential density) shows
much more scatter from this linear relationship, being both
warmer and cooler. The warm varieties of the WW occurred
in repeat 2 when temperatures in the region were relatively
high, and the cold forms of WW are actually slightly super-
cooled, reflecting contact with Mertz Glacier. It is likely
that this variability in the WW properties and its low strati-
fication reflects the interaction of this water mass with the
atmosphere or ice shelf. The fourth water mass, ISW, is very
distinctive as a result of being much colder ( <—2.0°C) than
the other three water masses. This water is sufficiently cold
to have originated from beneath Mertz Glacier. ISW does
not belong to the linear relation between HSSW and
HMCDW), and its properties are a result of its contact with
Mertz Glacier.

A similar linear relation can be clearly seen in the oxygen
concentration and salinity diagram (Fig. 6. HMCDW has
the lowest concentrations of oxygen. Through the ocean—
atmosphere interaction of the polynya processes, the oxygen
concentration increases linearly through the conversion of
the HMCDW (~82% saturation) into WW and HSSW
(~88% saturation). Although the HSSW is cut off from the
atmosphere, it is higher in both salinity and oxygen, sug-
gesting that it could have formed earlier in the winter prior
to these measurements. As found in 7S space, the oxygen
concentration of the ISW places it off the linear relation

403
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Table 2. Cross-sectional area averaged properties for the water
masses designated in lable 1 along the section shown in Figure 1

Repeat 1 Repeat 2 Repeat 3

Area-averaged
parameters

HMCDW  Area (m? 1047 x107 1653 107 9.607 x 10°

Salinity (psu) 34.5911 34.5820 34.5837
Pot. temperature (°C) —1.9007 —1.8947 —1.8987
Oxygen (umol L b) 313.7 3122 313.5
Velocity (cms ) 6.880 1.148 3979

~7.203 x 10> ~1.898 x 10° ~3.822 x 10°

Transport (m®s )

WwW Area (m?) 2202 x107  1.922 x107 1740 x 107
Salinity (psu) 346446 346435  34.6426
Pot. temperature (°C) —1.9060 —1.9087 —1.9057
Oxygen (umol L. ) 3235 321.2 3225
Velocity (cms ) 6619 2312 7.631

1458 x 10° 4446 x10° 1.328 x 10°

Transport (m®s )

ISW Area (m? 3520 x10° 4.735 x10° 7658 x 10°
Salinity (psu) 34.6113 345977  34.5967
Pot. temperature (°C) 19123 —1.9392 —1.9404
Oxygen (umol L) 3217 3194 321.3
Velocity (cms ) 21.549 23,515 22.078

Transport (m”s ) ~7585 x 10> — 1113 x10° —1.691 x10°

HSSW Area (m?) 9705 x10° 9599 x10° 1.222 x 107
Salinity (psu) 346753 346757 346796
Pot. temperature (°C) —1.910 —1911 —1.911
Oxygen (umol L) 329.2 3273 3279
Velocity (cms ) 8598 9.063 8.845

Transport (m®s )

8345 x10° 8699 x10° 1.082 x10°

Total transport (m®s™) 8132 x10° 1132 x10* 3.370 x 10°

Notes: Potential temperatures are referenced to the surface. Velocities are the
component normal to the section. The geostrophic velocities are refer-
enced to the surface ADCP velocities averaged over all three sections.
Negative velocity and transports indicate westward flow. (Repeat 1:
stations 22-31; repeat 2: stations 46-56; repeat 3: stations 79-89.)

between HMCDW and HSSW. Note also that the oxygen
concentration of ISW is slightly less than that in WW and
significantly less than that in HSSW. Interestingly, all four
water masses are well beneath the oxygen saturation limit
of approximately 380 umol kg ' prescribed by the tempera-
ture range of the samples.

5. DISCUSSION

The area-averaged properties of cross-sectional area, salinity,
temperature, oxygen concentration, velocity and mass trans-
port (normal to the section along Mertz Glacier) are pre-
sented for the individual water masses, in each section, in
Table 2. The distribution of these water masses and their
variability and transport through the sections suggests an
overall pattern of circulation. The HMCDW is moving west-
wards along the shelf break north of the polynya with a
transport of 0.7 Sv. The linear relation on the temperature—
salinity diagram suggests that the WW waters are derived
from the HMCDW. This transformation occurs through
the direct interaction of the HMCDW with the cold atmos-
phere in the polynya region. The loss of heat and brine rejec-
tion from the formation of sea ice causes vertical convection
within the WW layer, leading to a relatively salty and verti-
cally homogeneous water mass. WW has the greatest cross-
sectional area, of ~2 x 10’ m? and is about twice the area of
HMCDW, four times the area of ISW and twice the area of
HSSW. Both WW and HSSW flow eastwards through the

404
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Q Q
T e vy e

Fig. 7. Model of the exchange between HMCDW, WW,
HSSW and ISW used to estimate heat and fresh-water trans-
ports. (a) Scenario prior to the voyage where WW exchanges
with HSSW which then exchanges with ISW. (b) Scenario
during voyage where W W exchanges directly with ISW.

section, with a transport of 1.1 and 0.9 Sv, respectively, for a
total of 2 Sv. These waters are modified by their interaction
with Mertz Glacier and cooled and freshened to form ISW.
About 60% of these two eastward-flowing water masses
return as the fast narrow ISW current of 1.2 Sv against the
Antarctic continent (Fig. 4).

Using this circulation pattern, a simple model (Fig. 7)
was developed for estimating the ice production and heat
flux of the entire polynya/glacier system for which we chose
two distinct flow patterns. The first is associated with the
observations taken during the experiment, where HMCDW
1s converted initially into WW and then into ISW (Fig. 7b).
The pycnocline separating WW from the underlying HSSW
(Fig. 3) suggests that these water masses were not actively
mixing together during the experiment, and the reduction
in cross-sectional area of WW by 50% during the experi-
ment supports this idea (Table 2). The second flow pattern is
associated with a time period prior to the voyage (Fig. 7a)
where there is active formation of HSSWand it interacts with
Mertz Glacier to form ISW. This flow pattern represents the
process that would create the greatest brine rejection from
sea-ice formation.

Although the volume transports through the section for
each of the water masses shown inTable 2 vary significantly
(0.2-1.5Sv), we have assumed that the volume exchange
(Qmass) between all water masses and for both flow patterns
is constant. The flux of heat (Qpet) and freshwater
(Qfreshwater) through the surface area of the polynya (A})
between two water masses can then be calculated as,

CI’/O(QQ - ol)Qmass

heat — 1

Qheat A, (1)
(SQ - Sl)QmaSS

reshwater — = &, > 2

Qfreshwat SoA, (2)

where f and S are the observed area-averaged potential tem-
perature and salinity values for each water mass. The sub-
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Table 5. Fresh-water and heat exchanges using Equations (1)
and (2) for the area-averaged water-mass properties sampled

Sromrepeat 1 ( Table 2)

Process Icegrowth/  Latent  Sensible Total heat  Flushing
melt rate heat heat transfer rate
emd! Wm? Wm? Wm? days

Before AU9901

HMCDW toWW 4.9 188.7 77 196.3 32
WW to HSSW -2.8 108.2 6.1 114.4 15
HSSW to ISW 5.8 —225.6 30 —2226 6
Total -19 7.3 16.8 88.1
During AU9901
HMCDW toWW 4.9 188.7 77 196.3 32
WW to ISW 3.0 —1174 9.1 —-108.3 6
Total -19 7.3 16.8 88.1

scripts indicate the different water masses. The Sp term in
Equation (2) is the average salinity between the two water
masses for which the fresh-water exchange is being cal-
culated. These equations are a simplification of the equations
used to calculate heat and fresh-water transports beneath the
Amery Ice Shelf by Wong and others (1998). The greatest
mass transport, found for WW, is 1.458 Sv eastwards, with
the other water masses approximately half this value. The
total transport across the section was calculated and indi-
cates that for each repeat there is a mass imbalance into the
section of 0.01-0.81 Sw.

The size of the Mertz polynya has been estimated using
passive-microwave data as ~20000km” (Massom and
others, 1998). This area, approximately defined by the
100 km length of the glacier and a width 200 km to the west,
1s much larger than the actual open-water area available to
interact directly with the atmosphere during the experiment
(Massom and others, 2001, fig. 1 and table 1). Here we choose
the effective open-water area, Ay, to be 20% of the reported
area, or 4000 km?, to represent the total open-water com-
ponent fraction of the polynya. This open area represents
an average ice concentration of 80% and can be quite vari-
able in space and season. The results presented inTable 3 are
sensitive to this estimate of open area. A mass exchange
(Qmass) of 145 Sv between water masses was chosen. These
two choices are somewhat arbitrary, but are consistent with
the mass transport of WW and the mass exchange required to
give the observed sea-ice growth in the polynya region (Lytle
and others, 2001).

Using these parameters, and Equations (1) and (2), the
“during-voyage” ice-production rate and heat flux out of the
polynya are estimated to be 49cmd ' and 1963 Wm 2,
respectively. In the scenario suggested for the period prior
to the voyage, when the polynya processes were strong
enough to produce HSSW, the corresponding results were
77cmd ! and 3107 Wm 2 Sea-ice production rates esti-
mated from direct observations of the sea-ice conditions
during the voyage are approximately 7cmd ', and in more
extreme conditions could reach 10cmd ' (Lytle and others,
2001). Because of the high salinity of the sea ice (~I10 psu),
7cmd ' represents ~5cmd ! of fresh water.

The total heat exchange includes the sensible-heat con-
tribution from advection between the water masses and the
latent heat associated with the formation of sea ice. The
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sensible-heat contribution in converting HMCDW to WW
is about 7.7 W m 2 and represents only 3.9% of the total heat
budget required for this conversion of 1963 W m ? (Table
3). Similarly, for the conversion of WW to HSSW in the
“before-voyage” scenario, the sensible heat is just 6.1 W m 2
and represents 5.3% of the total heat budget. This low con-
tribution occurs because the HMCDW is almost at freezing
temperature and thus there is little scope for heat exchange
between HMCDW and WW (or HSSW) through advec-
tion. By comparison, the salinity differences between
HMCDWand WWor HSSWare large, and in terms of brine
rejection imply large heat losses to the atmosphere from the
ocean through sea-ice formation.

Although the ocean heat fluxes are small (13.8 W m ? for
HMCDW to HSSW and 7.7 Wm ? for HMCDW to WW)
compared to the latent-heat fluxes, they are in good qualita-
tive agreement with other direct and indirect measures of
ocean heat fluxes. Lytle and others (2000) estimate ocean
heat fluxes of 13.0-14.5 W m 2 over the Antarctic Divergence
at 140° E. In the Weddell Gyre, Fahrbach and others (1994)
estimate 19 W m 2, while from observations of fast ice, Heil
and others (1996) found a heat-flux range of 0-18 Wm 2.
Similarly, the estimates of ocean heat fluxes inferred from
models are 5-30 Wm ? depending on the season (Wu and
others, 1997).

The production of ISW is normalized to the area of the
polynya for comparison with the sea-ice production rate. We
find that in terms of the complete Mertz polynya/glacier
system, the contribution of fresh water and heat loss from
the base of the glacier are respectively 3.0 cmd ' and 1083
W m' ? during the voyage and 5.8 cmd ' and 2226 Wm * at
the time of HSSW formation.

The net fresh-water input from the Mertz polynya/
glacier system is the sum of the contributions from the ice
production in the polynya and meltwater from the glacier.
In the case of the before-voyage and during-voyage flow pat-
terns, the meltwater from Mertz Glacier compensates 75%
and 61% of the brine production from sea-ice formation,
respectively. In both scenarios the sea-ice production is
greater than the input of glacier meltwater, but close enough
to suggest that during summer the region may be a net
exporter of fresh water.

However, we found that of the four water masses
reported here, ISW experienced the greatest change in
cross-sectional area-averaged salinity and temperature over
the period of the experiment, becoming steadily fresher
(34.61-34.59) and significantly colder (—1.91° to —1.94°C).
This result could be explained by the recirculation of waters
beneath the glacier, increasing the loss of heat and injection
of fresh water, but implies that the greatest uncertainty in
our estimates of the net fresh-water flux is the meltwater
contribution from Mertz Glacier. Our estimate of this con-
tribution (for the conversion of WW to ISW), 44 Gta |, is
more than twice the melt rate estimated for Amery Ice
Shelf, 10-21.9 Gta ' (Wong and others, 1998).

The estimated flushing times of each of the water masses
give an indication of how quickly each water mass could be
overturned. WW has the largest cross-sectional area (and
therefore volume), and subsequently has the longest flushing
time of 32 days, while ISW has the shortest flushing time of
6 days. These time-scales are short enough for the seasonal
cycle to control the wintertime water-mass distributions
over the shelf and are consistent with the absence of WW
during summer.

405
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6. CONCLUSIONS

The calculations of ice production (4.9-77cmd ' fresh-
water equivalent) and corresponding heat transfer (196—
310 W m ?) from the Mertz polynya, using fresh-water and
heat-transport analysis of the water-mass properties sampled
along the western edge of Mertz Glacier, are consistent with
sea-ice observations. The WW and HSSW constitute most of
the water found in the depression and are found to have an
easterly flow. This flow is in almost the opposite direction to
the drifting buoys deployed in the same area (Lytle and
others, 2001) and suggests that locally the circulation of
WW is controlled by pressure gradients within the water
column rather than by the local winds.

A number of questions arise from this study regarding
the mechanism of bottom water formation from the Mertz
polynya area. The salinity of the WW is sufficiently high to
become bottom water (Bindoff and others, 2000b). Unlike
HSSW, this water is not trapped by the Adélie Depression,
but it is possible that the volume of HSSW does increase suf-
ficiently to spill out of the trough and down the continental
slope. The question of how and when HSSW is formed is also
important. Although the RSV Aurora Australis was in the
polynya for 1month during winter, none of the CTDs
revealed convection through the entire water column in the
depression. This suggests that HSSW was formed either
earlier in the season, or over shallow topography
(<100 dbar) and then drained into the depression.
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