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Abstract

Argo float time series data are used to study the salinity field at the depth of the salinity 2
minimum produced by Antarctic Intermediate Water (AAIW). It is found that far from 3, 2021-2058, 2006
showing the smooth erosion of the minimum that would result from diffusive flow, the

salinity field is characterized by features of geostrophic turbulence such as fronts, ed- South Pacific
dies and intrusions. Comparison of the Argo float observations with the climatology Antarctic

of the World Ocean Atlas (WOA) reveals significant differences between the two data intermediate water
sets. Some of the differences may have their origin in problems with the WOA data variability
density in remote regions of the South Pacific, but most are more likely produced by

interannual variations of the AAIW salinity field. M. Tomczak

1 Introduction Title Page ‘
The ocean is a fluid in turbulent motion. Turbulence creates eddies, meanders, fila- Abstract Introduction

ments and fronts on a wide range of space and time scales and gives the fields of
ocean currents and water mass properties intriguing texture.

In the upper ocean observational evidence of variability in time and textured structure Tables
in space has been available for considerable time. Information on the structure of the
ocean below the permanent thermocline is much more limited, and maps of oceanic
properties for the deep ocean usually give the impression that fields vary smoothly, in
a manner more characteristic of slow diffusive flow than of a fluid filled with fronts and
eddies.

Conclusions References

Figures

The reason is of course the very low data density in the deeper ocean regions, o —
which does not allow us to resolve the high spatial gradients associated with turbulent
features. The landmark maps of the water masses of the Atlantic Ocean produced
by Wust (1935) more than 70 years ago are outstanding historical examples; their Printer-friendly Version \

smooth property fields, which were constructed from a total of some 250 observation
points spread over the entire Atlantic Ocean, suggest uniform spreading of Antarctic
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Intermediate Water and Antarctic Bottom Water from the Southern Ocean towards the
equator and smooth movement of North Atlantic Deep Water in the opposite direction.
But even today’s much larger database is not sufficient to resolve the structure of
the deep ocean in enough detail. The World Ocean Database and associated World
Ocean Atlas (Ocean Climate Laboratory, 2002), the most comprehensive data set for
studying the deep ocean and available online from many oceanographic research in-
stitutions, produces high quality decadal mean property distributions but cannot reveal
the high degree of space and time variability that does without doubt exist. To this day
observational data only allow occasional confirmation of the existence of turbulent fea-
tures such as isolated eddies at great depth (Armi and Zenk, 1984; McWilliams, 1985;
Elliot and Sanford, 1986; Prater and Sanford, 1994; Tomczak and Andrews, 1997).

The situation is likely to change with the introduction of the Argo float programme.
Argo floats are drifting platforms for the measurement of temperature and salinity as
functions of depth over periods of years (Roemmich et al., 2004). They can be pro-
grammed individually for specific tasks; but a typical Argo float follows one of two op-
erational modes. In the simple mode, the float drifts at a certain depth, often 2000 m,
rises to the surface every 10 days to take a temperature and salinity profile from that
depth, stays at the surface for up to 12 h to transmit the data via satellite, and returns
to its deep drifting depth. In the park and profile mode, the float is parked at a certain
depth (the Argo operations centre recommends 1000 m), descends to 2000 m every
10 days to start the temperature and salinity profile, comes to the surface, transmits its
data and returns to its parking depth. In the beginning of 2006, 46% of floats profile to
around 2000 m and 66% profile to depths greater than 1500 m.

While Argo float deployments use a parking depth too shallow to allow insight into
space and time variability of Deep and Bottom Water, most Argo floats dive deep
enough to traverse the Antarctic Intermediate Water (AAIW) as part of their regular
profiling pattern. This makes it possible to extract information on the degree of spatial
AAIW variability. This paper uses Argo float data obtained until mid-2005 to investigate
the structure of the AAIW salinity field in the South Pacific Ocean.
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2 Data and methods

The drift of an Argo float is determined by three factors: the ocean current at its parking ol

depth, the surface current during the 6-12h period while the float transmits its data, 3, 2021-2058, 2006
and the current profile during ascent and descent. The relative contributions of each

factor to the overall drift are difficult to determine. Ichikawa et al. (2001) estimate South Pacific
that the drift at the parking depth is overestimated by 10-25% as a result of effects Antarctic

of current shear during ascent and descent and uncertainties from the determination intermediate water
of the exact location where the float surfaces (which may happen some time before variability

a satellite passes and picks up the signal). A very basic estimate of the surface and

parking depth contributions to the overall drift can be obtained by assuming that surface M. Tomczak

currents are an order of magnitude larger than currents at 1000—2000 m depth. This

corresponds roughly to the ratio of the time when the buoy drifts at its parking depth to
the time of measurement and data transmission, suggesting that surface and parking ks pes
depth drift contribute about equally to the overall drift.

The hypothesis underlying the present study is that Argo floats will stay in the same
water parcel while drifting at parking depth but will be moved away from that water Conclusions
parcel when they traverse the upper ocean and follow the surface current; as a result
they will encounter a different parcel of water every time they return to their parking
depth. In a study of Antarctic Intermediate Water this assumption is obviously better
met by floats that park at 1000 m than at 2000 m depth. It is also closer to reality in the
centres of the subtropical gyres, where the permanent thermocline is depressed and
AAIW is found at or below 1000 m, than in the tropics where the thermocline rises and
AAIW is found closer to 500 m. R

Whatever the particular circumstances of individual floats may be, it is fair to assume
that any change of water properties observed at the depth of AAIW is due to the fact
that the float encountered different parcels of AAIW after every ascent and dive cycle.
This allows us to study the spatial structure of AAIW in some detail. AAIW is particularly
suited to such a study because it is associated with a distinct salinity minimum. If Interactive Discussion
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the ocean is dominated by smooth diffusive flow, any change in the salinity minimum
observed by the floats should be slow and uniform, from lower salinity values closer to OSD
the AAIW formation region to higher values further afield. If, on the other hand, the flow

is turbulent and AAIW is interspersed with fronts and eddies, variations of the AAIW ], AU =l HOE

salinity minimum will show more random behaviour.

Having formulated our hypothesis we now investigate the suitability of the available South Pacific
data for the purpose of the study. The Argo float data set comprised all floats available Antarctic
for the Pacific Ocean between 52°S and 10° N on the Argo database in June, 2005. intermediate water
The data were individually inspected for data errors and sensor drift. Occasional er- variability

roneous data (data that fell clearly outside any physically reasonable salinity range)

were eliminated while the remaining profile was retained. Where an entire salinity pro- M. Tomezak
file fell outside any reasonable temperature-salinity (TS-) relationship the profile was
eliminated while the remaining profiles of the float in question were retained. _

To investigate AAIW variability, time series of the AAIW salinity minimum were con- Ttle Page |
structed by extracting the salinity minimum from the depth range 500—-1200 m of every Abstract Introduetion
float profile. With a typical sampling interval of 50 m in and below the permanent ther-
mocline Argo floats do not necessarily resolve the minimum salinity if it falls between Cerdlene | SEEmIEEE
two observation levels. Cubic spline interpolation to 10 m intervals was used to improve Tables T

the resolution.

To obtain a reference time series representative of smooth diffusive evolution of the
salinity minimum, the AAIW salinity minimum along the track of each float was recon-
structed from the World Ocean Atlas (WOA). The WOA data were assigned to the
centre of their respective 1° square for this purpose, and the salinity profile along the
float track was determined by linear interpolation. The standard deviation of the result-
ing salinity minimum time series can serve as a measure of the variability caused by Full Screen / Esc
the movement of the float through the climatological mean field. It can be compared
with the standard deviation of the salinity minimum time series obtained from the Argo
float, and the ratio between the two can serve as an indicator of the departure from
slow diffusive flow. Interactive Discussion
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The extraction of a salinity minimum time series representative of AAIW relies on
the existence of an intermediate salinity minimum between 500 m and 1200 m depth. OoSD
Some floats generated profiles that reached below 500 m depth but did not extend

deep enough to capture the salinity minimum. Other floats generated profiles with 3, 2021-2058, 2006

no intermediate minimum in the entire 500 m—1200m depth range. (This occurred

particularly when a float drifted too far south into the region where the salinity minimum South Pacific

comes closer to the surface.) Such profiles were excluded from the analysis. Antarctic
Several floats showed obvious sensor drift or calibration problems. No attempt was intermediate water

made to recalibrate dubious profiles. Any attempt to correct profiles by bringing them variability

closer to values obtained during previous profiles would reduce the variability that is

the focus of this study and produce a bias towards low variability. The maximum Argo M. Tomezak
depth of 2000 m is also not deep enough to use the properties measured at that depth

as time and space invariant anchor points. A practical way of rejecting floats with drift :

problems was found by inspection of the standard deviations. Severe drift increases Title Page |
the standard deviation of the time series dramatically, and by rejecting all floats with Abstract Introduction
a standard deviation of the salinity minimum time series of 0.06 or more all obviously

erroneous floats were eliminated. This still leaves floats that display some drift but of a COTEIERID) | [REEIEIEEE
magnitude comparable to true signals. These floats have to be inspected individually Tables s

and are discussed in some detail in a later section.

171 Argo floats passed the detailed data quality review and form the basis of the
study. Figure 1 shows their launch locations. While the float density in the centre of the
subtropical gyre is low, much of the region is covered well.

Back Close

3 Results

Full Screen / Esc

Figure 2 shows three versions of the 171 float trajectories. The trajectories in the top
and middle panel are colour-coded according to the magnitude of the standard devia- Printer-friendly Version
tion of their AAIW salinity minimum time series. The time series in the top panel are
derived from the WOA salinity field, in the middle panel from the Argo float observa-
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tions. Smallest standard deviations are indicated by yellow, larger standard deviations
by cyan and green; largest standard deviations by red. OSD
Features to note are the large regions of very low standard variations, particularly in

the WOA-derived time series, the strongly elevated standard deviations between Aus- ], AU =l HOE

tralia and the date line and west of Peru, and the generally larger standard deviations

in the Argo-derived time series. To demonstrate the latter finding, the bottom panel South Pacific
shows the ratio of the standard deviations. Antarctic

It appears evident from the figure that AAIW variability in the ocean is larger than intermediate water
what can be expected from slow diffusive flow. To give an estimate of the scale on variability

which the observed variability is occurring, Fig. 3 shows a histogram of the distance

between successive float surfacing locations. Most floats travel some 10-40km be- M. Tomczak

tween successive data transmissions, but there is also a considerable range of larger

distances. Very large distances are produced by data transmission failures causing _

gaps in the time series. Assuming that about half the float movement is caused by drift Title Page |

at the surface and the other half by drift at the parking depth, the standard deviations Abstract Introduetion

of Fig. 2 indicate the degree of variability on space scales varying from 5km to about

100 km and more. Conclusions References
Figure 4 investigates the magnitude of the AAIW variability found in the Argo float Tables T

observations in more detail. In this figure the 171 floats are sorted according to the
standard variation of their associated WOA-based time series. While the WOA-derived
time series show a slow increase of the standard deviations from near-zero to about
0.005 for the first 140 floats followed by a rapid increase to 0.03, the Argo-derived
standard deviations are more uniform and closer to 0.006 before following the steep

. . Back
rise and show several particularly large values. It should be noted that values below o

Close

0.003 are below the resolution of the salinity algorithm. The low values for the WOA-
derived time series are the result of floats passing through a highly smoothed salinity

field. Most Argo-derived values, on the other hand, are clearly larger than the sensor Printer-friendly Version ‘
resolution and do not represent mere instrumental noise. The Argo team guarantees -
an accuracy of 0.01 for delayed mode quality controlled data, despite the fact that the
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instrument stability is often closer to 0.003 (Wijffels, personal communication). About
half the buoys used here have a standard deviation less than or close to the accepted OoSD

accuracy if the Argo accuracy is used as a yardstick.
3, 2021-2058, 2006

4 Discussion South Pacific
Antarctic
intermediate water
variability

Before we address the AAIW variability seen in the Argo floats in detail it is necessary
to understand the features of the underlying climatological mean field seen in the WOA
data. AAIW in the South Pacific Ocean is supplied from two different sources with
slightly different minimum salinities (Tomczak and Godfrey, 2003). The two AAIW vari- M. Tomczak
eties meet in the New Zealand region, which leads to water movement at 700—1100m

depth across strong salinity gradients (Fig. 5) in the western South Pacific.

In contrast, the eastern South Pacific is characterized by the spreading of a single Title Page ‘
AAIW variety from its formation region near southern Chile to the tropics. In the south :
this creates a strong meridional salinity minimum gradient and a “shadow zone” in the aiEGl] (e

tropics, where the salinity minimum is not always well defined.

Another reason for elevated standard deviations in the WOA-derived time series
could be the data distribution in the World Ocean Database. Salinity data are far less Tables
numerous than temperature data. Large differences in the number of observations in
neighbouring cells, or different bias towards different seasons, can potentially lead to
differently weighted means that can result in unrealistic salinity gradients. Strong sea-
sonal affects at the depth of AAIW are unlikely, but data density decreases rapidly with

Conclusions References

Figures

depth, and means from sparse data can produce distortions of the field. Back Close
To identify possible effects of varying data density the WOA data distribution for the

1000 m depth level in the South Pacific was investigated. Figure 6 shows some essen-

tial statistics. As can clearly be seen, the South Pacific Ocean, particularly its eastern

region, is one of the least explored regions of the world ocean. South of 20° S from the Printer-friendly Version
date line to 90° W it is possible to identify individual research expeditions in the data
distribution Standard deviations are generally higher in regions of higher data density,
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but the correspondence is not followed throughout; in the Tasman Sea the highest
data density is found along the Australian shelf, while the largest standard deviation OoSsD
is located north of New Zealand, suggesting that the meeting zone of the two AAIW

varieties is a region of increased spatial and temporal variability. 3, 2021-2058, 2006

The World Ocean Atlas applies a weighted average over an area of influence around

each grid cell to smooth the data fields. Figure 6¢c demonstrates the sparseness of the South Pacific
data in the South Pacific Ocean: in large regions south of 20° S, but also in isolated Antarctic
meridional strips in the tropics, the salinity field at the 1000 m depth level is determined intermediate water
by very few observations. variability

Turning now to the observations obtained by the Argo floats, it appears useful to

structure the discussion by distinguishing a number of possible processes that influ- M. Tomczak
ence AAIW variability. The 171 time series can be grouped in five categories: smooth

quasi-diffusive flow, elevated variability, interannual change in the large-scale salinity _

field, fronts and eddies, and multiple salinity minima. Each of these categories will now Title Page |
be addressed in turn. Abstract Introduction

4.1 Smooth, quasi-diffusive flow Conclusions [ References

Tables Figures

The time series in this category are represented by the floats with standard deviations
close to the base level of the red curve in Fig. 4 (values close to 0.006) and a low
standard deviation ratio. They represent the majority of all 171 floats. However, it is
premature to conclude that at the depth of AAIW the ocean is not in a turbulent state.
It may simply mean that at spatial resolution of 5-50 km the elements of turbulence do
not have a large imprint. Even stations that follow the climatological mean closely have Back
a standard deviation well above instrument noise level, indicating that the salinity field
does have texture on these scales (Fig. 7). This texture is likely to be the product of
some turbulent cascade, as will become more evident when the other categories are
considered.

Float 5900324 spent 900 days in a region of very low salinity gradients just north of oG Bl
the Equator. Towards the end of the time series it entered a region of lower salinity in
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the north, crossing a moderate gradient in the process. The AAIW salinity minimum
recorded by the float shows a similar trend to the AAIW salinity minimum derived from
the WOA data and a short term variability that barely exceeds the instrument resolution.

Float 3900121 spent 700 days in the low salinity region of the subtropical eastern
South Pacific. An initial westward excursion during the first 100 days was followed by
a return to the original launching region. Based on the WOA data this should have
resulted in a rise and fall of the AAIW salinity minimum during the first 150 days. The
Argo observations show several short-lived events of higher AAIW salinity during that
period, which is dominated by AAIW salinities below 34.27. Agreement between the
WOA field and the float observations is reached after the first 250 days. This suggests
that in 2004 the region of AAIW salinities <34.27 reached further west than indicated
by the WOA field and that it was bounded by a rather sharp gradient, which was en-
countered by the float on several occasions during the first 150 days of its life.

Many floats that show a low standard deviation ratio display a significant difference
between the AAIW salinity minimum observed at the floats and the AAIW salinity mini-
mum along the float track derived from WOA. At first sight this could suggest a calibra-
tion problem. This may occasionally be the case for individual floats but is less likely
for entire float neighbourhoods that show the same difference. Such a situation is more
likely an indicator for interannual changes in the AAIW salinity field, which are further
discussed in Sect. 4.3. In the situation shown in Fig. 8, for example, the float record
suggests that the mean salinity field was shifted some 10° towards west. There is also
some indication of regular east-west movement of the salinity field, indicated by the
brief periods of higher AAIW minimum salinity, although the two year long record is not
long enough to establish this with any certainty.

4.2 Elevated variability

While variations in the AAIW salinity minimum can exceed the instrument resolution
occasionally in group 4.1 (in the example of Fig. 8 they exceed it by a factor of 2-3), float
records in group 4.2 show variations that are significantly larger than the instrument
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resolution. Figure 9 shows two examples.

Float 39047 represents one of the longest float trajectories of the 171 floats studied. OoSD
It spent more than five years in the centre of the subtropical gyre. During the first three
years of its life the AAIW properties experienced by the float were very different from
the AAIW properties of the WOA field. The fact that from day 1300 onward both AAIW

3, 2021-2058, 2006

properties show excellent agreement suggests very strongly that the float retained its South Pacific
calibration through the entire five year period. The reasons for the departure of the Antarctic
observed AAIW salinity minimum from the WOA field are difficult to establish. It could intermediate water
be an indication of a large scale shift of the mean field, but it could also indicate uncer- variability

tainty in the WOA field itself; the data distribution on which the WOA field is based has

some significant holes in the region (Fig. 6). The Argo team assessed float 39047 as M. Tomezak

corrupted (Wijffels, personal communication). The argument is discussed in more de-

tail in the Appendix. In the present context the float serves to demonstrate the possible _

validity and significance of elevated standard deviations. Title Page |
Float 4900334, a shorter record from the equatorial region, presents an example of Abstract Iriitesluciiam

a different situation that leads to elevated standard deviation. Its time series mirrors the

general shape of the corresponding WOA field but “exaggerates” its gradients. Sparsity Cerdlene | SEEmIEEE

of WOA data is not a problem in this region, and the difference between the time Tables S

series is most likely an indicator of the extent at which the WOA smoothing procedure
weakens actual spatial gradients.

4.3 Interannual change in the large-scale salinity field

Some Argo time series mirror the WOA field closely but are shifted in location. This Back Close
does not produce a large difference in standard deviation (in other words, these sta-
tions are also part of the cohort in Fig. 4 that shows values close to 0.006) but indicates
significant interannual variations in the location of the major features of the climatolog-
ical mean field. The shape of the isohalines of Fig. 5 may remain unchanged, but the
entire field will have shifted. Individual Argo floats are insufficient to resolve whether the oG Bl

observed shift of the mean field is an expression of large-scale geostrophic turbulence,
2031 EG
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possibly the low wave number end of the cascade for which the high wave number end
is seen in the time series of category 4.1. OSD
Figure 10 shows the time series of two floats from the high gradient region to the

north east of New Zealand. The two floats spent their lives in similar mean field gradi- 3, 2021-2058, 2006

ents but in locations separated by 1600 km in space. They belong to different release

batches, and their launching dates were several hundred days apart. Both floats show South Pacific

a discrepancy between the WOA field and the float observations of the same magni- Antarctic
tude that is sustained throughout the observation period. It can also be seen that in intermediate water
both cases the float time series can be made to match the AAIW salinity minimum of variability

the WOA mean field if they are shifted to higher salinities and slightly back in time. This

can be interpreted in a number of ways, some more convincing than others. M. Tomczak
That the salinity sensor calibration of a large number of floats might contain the

same erroneous offset is highly unlikely. Shifting the time series to higher salinities is ——

equivalent to shifting the float trajectories westward relative to the WOA mean field. ttle Page

Systematic errors in the GPS system of many floats are also highly unlikely. The con- Abstract Introduction

clusion has to be that the WOA mean field places the salinity gradient region too far

west. Conclusions References
The floats did not spend their lives in a data-sparse region, and there is no reason Tables S

to think that the AAIW salinity field given by the World Ocean Atlas should not be
accepted as representative of the long term mean situation north east of New Zealand.
This suggests that Antarctic Intermediate Water that reached the area was about 0.03—
0.06 less saline during the years 2001—-2005 than the climatological average.

A different but also similar situation is seen further north in the sub-equatorial region

(Fig. 11). Here the AAIW salinity minimum recorded by the float shows very good Back

Close

agreement with the WOA men field, particularly if the float time series is shifted forward
by 50-100 days. Since the float moved eastward, a forward shift in time corresponds -
to an eastward shift relative to the mean field, or a westward shift of the mean field. Printer-friendly Version ‘
Although this is not a data-rich region for the World Ocean Atlas its data density is still -
acceptable, and it appears that the observed shift is more likely the effect of interannual
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movement of the salinity field than a bias in the climatological mean field itself.

OosD

3, 2021-2058, 2006

4.4 Fronts and eddies

Many Argo time series contain sudden large changes in the AAIW salinity minimum

time series that can indicate the crossing of a front. The evidence is not very conclu- South Pacific
sive if it occurs only once and is not much larger than the underlying salinity variability,

. . : - _ Antarctic
but there are stations where the tllme series clea.rly indicates repeated crossings qf the e e o e
same front. Such repeated crossings can occur if the track of the buoy is strongly influ- variability

enced by the surface current, which reversed during the observation period, bringing
the buoy back into a previously visited AAIW parcel. They can also indicate a convo- M. Tomczak
luted frontal shape that leads to repeated crossings along a straight buoy track. The
figures that follow can only give a few examples of the many situations of sudden large
variations in the AAIW salinity minimum. Title Page

Float 3900103 (Fig. 12 top) spent nearly three years in the equatorial region where
the AAIW salinity minimum is weakly defined and gradients are extremely small. lts
salinity record generally agrees well with WOA climatology, but the salinity field still Conclusions
contains frontal structures at a very large distance from the source of the salinity mini-
mum: Around day 400 the float clearly crossed from a region characterized by a mini-
mum salinity of 35.555 to a region where the salinity minimum is closer to 35.563. The
change is just large enough to fall outside instrumental detection limits and occurs at
a point where the WOA climatology indicates an increase in the minimum salinity as
well.

Float 5900097 (Fig. 12 centre) spent nearly three years in a region with a very large Back
salinity gradient. Throughout its life it experienced sudden changes of up to 0.06 in the
minimum salinity at AAIW level. It might be tempting to suspect instrumental instability
or temporary fouling of the conductivity cell; but inspection of the temperature-salinity
(TS-) diagram for the float (not shown) verifies that the cell performed without problems
and that the float encountered two varieties of AAIW with different salinity minimum licEsiE Deamssen
values. The TS-diagram gives additional support for the presence of a front between
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the two varieties by showing that profiles taken near the transition between the two va-
rieties often display double salinity minima indicative of layering and intrusions across OoSD
the front. The discussion of group 4.5 will address double minima in more detail.

Float 3900225 (Fig. 12 bottom) presents a case where the float was initially located 3, 2021-2058, 2006

over a well established front but moved away from it after about 160 days, when its

record begins to mirror the smoothness of the climatological field. While it was near South Pacific
the frontal region it found its parking position sometimes on the high salinity side of the Antarctic
front, sometimes on the low salinity side. If the mean of the two salinities is taken it intermediate water
corresponds well to the climatological mean. variability

A frontal crossing associated with a salinity increase (decrease) followed by a frontal

crossing associated with a salinity decrease (increase) can be produced by an eddy. M. Tomezak
Tomczak and Andrews (1997) reported an AAIW eddy between New Zealand and Fiji.

The eddy had its core at 900 m and did not extend into the surface layer. It was as- :

sociated with a salinity difference of 0.2 with its surroundings and measured some Ttle Page |
100km across (Fig. 13). An Argo float with a typical surface position separation of Abstract oaction
20km corresponding to a spatial resolution at AAIW depth of 10km would see this

eddy as an elevated salinity minimum at 10 successive profiles, after which the profile COTEIERID) | [REEIEIEEE
would return to the values recorded before the eddy was encountered. A longer lasting Tables s

influence can be expected if the eddy moves with the current at AAIW depth, which is
likely to be close to the current experienced by the float at parking depth.

Situations that can be interpreted as eddy crossings have been observed. Figure 14
shows two examples. The tropical trajectory of float 5900208 followed more or less the
climatological 34.55 isohaline but experienced two instances where the AAIW salinity

minimum dropped below 34.525. Salinities as low as that are not found anywhere Back

Close

near the location of the float. The most likely explanation for the observed episodes
are passages of bodies of AAIW that could maintain its original low salinity longer than S
usual. Dynamically this is usually achieved through rotation; in other words, the isolated Printer-friendly Version ‘
body of low salinity AAIW is transported as an eddy. e

The second example shown in Fig. 14, float 3900222, spent nearly two years in the
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low salinity region off the southern west coast of Chile, the formation region of the low
salinity AAIW variety that dominates the eastern South Pacific (Fig. 5). During most
of the time the AAIW properties recorded by the float agreed well with the climatolog-
ical mean. But for a period of some 120 days it encountered a variety of AAIW with
significantly higher salinity. The records suggests that the boundary between the two
varieties had the character of a well defined front: The salinity record switches back
and forth between salinities around 34.25 and 34.31, indicating that the float parked
itself on different sides of the front.

4.5 Multiple salinity minima

Some of the observed large standard deviations in the Argo float data are produced
by the occasional presence of double salinity minima. The minimum-seeking routine
is not capable of tracking individual minima but always selects the lowest salinity in
the 500 m—1200 m depth range. Where double minima change their strength along the
track of a buoy, the routine can select different minima for different profiles and create
the appearance of large sudden salinity changes not unlike those observed at fronts.

Double minima suggest that the formation of intrusions and filaments that leads to
layering within a water mass are part of the turbulence at AAIW level. Multiple intru-
sions have been reported on several occasions from the region around New Zealand,
where two varieties of AAIW with identical densities establish a front (Stanton, 2002;
Tomczak and Godfrey, 2003). The results of this study suggest that their occurrence
may be more widespread than previously known.

Figure 15 shows “waterfall plots” of salinity-depth profiles and TS-diagrams of three
selected floats for the depth range dominated by AAIW. Float 5900324, already dis-
cussed in the context of Fig. 7, is representative of a smooth salinity field where the
variability barely exceeds the instrumental resolution. When its data are displayed in
a waterfall plot the salinity-depth profiles and TS-diagrams appear as a sequence of
evenly spaced, nearly identical curves.

Float 3900222, already discussed with Fig. 14, represents a situation dominated by
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strong frontal crossings. In the waterfall plots they appear as gaps between groups
of closely clustered salinity-depth profiles. The corresponding TS-diagrams all display OoSD
the shape typical for the AAIW salinity minimum, but the magnitude of the minimum

changes when a front is crossed, which makes the TS-diagram sequence gappy, too. 3, 2021-2058, 2006

Float 5900443 demonstrates the effect of double minima. Because the minimum

detection routine does not detect multiple minima the time history of the float, already South Pacific
seen in Fig. 10, does not reveal their existence but gives the impression that a some- Antarctic
what elevated variability is superimposed on the climatological mean. It is also no- intermediate water
ticeable that not every profile exhibits multiple minima. If only a single minimum is variability

present it is sometimes found at the lower end of the depth range reached by the float

(particularly at the beginning of the record), which makes the result of the minimum M. Tomezak
detection routine questionable. Such situations were generally excluded from the anal-

ysis but are retained here to demonstrate the variability typical for the region east of :

New Zealand, where the AAIW salinity minimum is found at depths below 1000 m. The Ttle Page |
intermittent occurrence of multiple minima indicates that the associated layering and Abstract Introduetion
intrusions occur on relatively small spatial scales, smaller than the scales associated

with fronts such as those seen in the record of float 3900222. COTEIERID) | [REEIEIEEE

Tables Figures

5 Conclusion and outlook

The salinity minimum produced by the spreading of Antarctic Intermediate Water pro-
vides a unique opportunity to use Argo float data for a test of the turbulent character of

deep ocean currents. The investigation presented here shows beyond doubt that ed- Back Close
dies, fronts, intrusions and filaments are a regular feature of the water mass structure

at the depth of the AAIW salinity minimum and that the water masses do not spread in
a diffusive but in a turbulent field.

It is of course of interest whether turbulence occurs uniformly across the ocean or Printer-friendly Version
whether it is concentrated in a few limited regions. To gain some insight into this ques-
tion the horizontal salinity gradient at the depth of the AAIW salinity minimum was
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calculated between successive surfacing locations. In most situations a large gradi-
ent indicates the presence of a front. Occasionally it is produced by the presence of OoSD
multiple minima.

In Fig. 16 all 171 float tracks are shown by their successive surfacing locations, 3, 2021-2058, 2006

marked by the magnitude of the observed horizontal salinity gradient. A preferred

region of large gradients cannot be made out; large gradients are found in all regions South Pacific

of the South Pacific. A distinct tendency for fewer large gradients in the tropics should Antarctic

not be taken as an indication for reduced turbulence in the equatorial current system, intermediate water
where currents are known to be particularly strong and thus prone to turbulence. Most variability

likely the low number of large gradients in the tropics is a consequence of the weakness

of the AAIW salinity minimum in that region, which makes it difficult to produce large M. Tomczak

gradients even in fronts. The existence of fronts in the tropics was already shown with

float 3900103 (Fig. 12 top), but the salinity change across the front is so small that it Tilo P ‘
itle Page

does not register under the criteria of Fig. 16.

The analysis leaves many questions. As the number of floats and the length of their Abstract
time series increase it should be possible to subdivide the float ensemble into individual
years, map the salinity field for the depth of the AAIW salinity minimum and compare it
with the climatological mean of the World Ocean Atlas. This would give insight into the Tables
degree of interannual variability. Where groups of floats were released in close vicinity
it may be possible to map the size of individual eddies they encounter.

There is no reason to believe that the character of the property fields in water masses
other than AAIW differs substantially from the turbulent character of the AAIW salinity
field. The unique situation of AAIW, which can so easily be identified through its salin-
ity minimum, makes its analysis particularly easy. Other water masses require more

Introduction
Conclusions References

Figures

Back Close

sophisticated methods of analysis, for example analysis on density surfaces. The main
impediment to an extension of the analysis to the water masses of the deep ocean is
the limited depth coverage of Argo floats. As time goes on, more floats will reach to at Printer-friendly Version ‘

least 2000 m depth, which will give access to the upper reaches of Deep Water.
Interactive Discussion
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Appendix A

The data quality of float 39047

Float 39047 spent its life in the tropical eastern Pacific Ocean, moving slowly west-
ward from 7°S 100° W to 14° S 123° W, covering the distance of more than 1400 nm in
just under 5 years. After an initial period of three months, when its TS-data followed
the WOA climatology closely, its TS-data departed significantly from the WOA clima-
tology for 2.5 years before returning to climatology during the second half of its history
(from September 2003; Fig. 9). The Argo team assessed its data quality as affected
by sensor fouling and based this assessment on a comparison of its TS-data with cli-
matology and neighbouring floats, not only at the AAIW level but across the permanent
thermocline as well (Wijffels, personal communication).

TS-relationships of thermocline water masses are well defined and very tight, so
comparison of data on the basis of thermocline TS-relationships is usually a good tool
for quality control. The thermocline of the Pacific Ocean contains several varieties
of Central and Equatorial Water, each confined to its own region and separated by
neighbouring varieties by well defined fronts, which complicates their use as a quality
control tool. Two extensive “transition zones” between Central and Equatorial Water
and subpolar water masses are found along the eastern periphery (Fig. A1).

The eastern South Pacific is among the least explored regions of the world ocean,
and the location of the water mass boundaries is not well established. Based on the
schematic sketch offered by Tomczak and Godfrey (2003) WOCE section P18 along
103° W should have been in South Pacific Equatorial Water to about 20° S and in East
Pacific Central Water until about 30° S, where it should have entered the “Transition
Zone” and begin to show lower salinities indicating subpolar influences. Inspection
of data from the section indicates that when the section was performed in 1994 the
transition region reached significantly further west; lower thermocline salinities were
observed well before 30° S (Fig. A2). When the TS-data of Argo float 39047 are com-
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pared with the WOCE section it is seen that the float data are inside the envelope
of the WOCE P18 TS-data, suggesting that all data from the float represent oceanic
properties from the region and should therefore be acceptable in principle.

Comparison with neighbouring floats is less conclusive. Several floats (3900062,
3900067, 3900118) are either corrupted from the start or show severe drift. Other
floats (3900159, 3900108), which agree with the WOA climatology, were not deployed
until mid-2003 when the TS-record of 39047 also began to return to climatology. Float
39053, which began recording in early 2001 some 350 nm north west of float 39047,
returned only four values over a period of a few months that show much variability (if
they can be trusted). Float 39032, which began recording in October 2000, returned
only eight values over a period of months that match the WOA climatology well but fall
into the early observation period of 39047, when its data also matched the climatology.

Float 3900066, the nearest float of comparable quality, was launched in late 2001
some 900 nm south east of 39047, well within the Transition Zone. It shows similarly
large TS-variability, and its TS-data overlap with those of 39047.

If the observations from float 39047 are accepted as correct they would indicate
significant interannual variability in the location of the boundary between South Pacific
Equatorial Water and the Transition Zone and suggest an extensive westward shift of
the boundary during the first 2.7 years of observations from the float. The years 2002
and 2003 witnessed one of the strongest El Nino episodes in history, and it is tempting
to speculate that the apparent widening of the Transition Zone off South America might
be related to that episode.

A relocation of water mass boundaries of hundreds of kilometers from the surface to
more than 1000 m depth is a major event, and more evidence is required to verify that
it occurred during 2002—2003. All available evidence suggests, however, that the data
recorded by float 39047 during that period cannot be dismissed lightly and probably
recorded a true event.

Acknowledgements. | thank L. A. Barlow for the preparation of the float data and production of
the first statistics and S. Wijffels for comments and suggestions.
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Fig. 1. Launch locations of Argo floats used in this study.
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Fig. 2. Argo float trajectories colour-coded to show the variability of the AAIW salinity minimum.
Top panel: Standard deviation (stdev) of the AAIW salinity minimum time series derived from Back
the WOA data along the float tracks. Colours are defined by yellow: stdev<0.0075; cyan:
0.0075<stdev<0.0125; green: 0.0125<stdev<0.0175; red: stdev>0.0175. Middle panel: as Full Screen / Esc
top panel but stdev derived from the Argo float data. Bottom panel: ratio of the standard
deviation from the Argo float data to the standard deviation from the WOA data. Colours are
defined as yellow: ratio<2; cyan: 2<ratio<4; green : 4<ratio<6; red: ratio>®6.
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used in this study.
Printer-friendly Version

Interactive Discussion

2043 EG

c


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/3/2021/2006/osd-3-2021-2006-print.pdf
http://www.ocean-sci-discuss.net/3/2021/2006/osd-3-2021-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html

0.12f WOA: blue
ARGO: red

0.08} 1

0.06 ' 1

standard deviation

0.04f | | | i

002t (I | |‘" ||
‘ | | H‘ Aog L “h‘
i \‘ \j\ WJ ur\"\’ "/ \\f "W""“ A A V'“ ||

0 20 40 60 80 100 120 140 160
float number

Fig. 4. Comparison of standard deviation of the AAIW salinity minimum from the WOA-derived
time series and from the time series derived from the Argo floats. The floats are sorted by the
WOA-derived standard deviation, which therefore represents a monotonic series (the blue line).
The red curve shows the corresponding float-derived standard deviation.
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Fig. 5. Long-term mean distribution of salinity at the depth of the AAIW salinity minimum. The
depth of the minimum is also indicated; light shading indicates regions where the minimum is
at the surface. The dotted line in the southeast marks a region where surface salinities are
lower than those shown for the minimum at 700 m. East of New Zealand the water depth is too
shallow for Intermediate Water to occur. Adapted from Tomczak and Godfrey (2003).
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Fig. 6. Data distribution in the WOA data set at the 1000 m depth level. (a) number of observa- Printer-friendly Version

tions per one degree square, (b) standard deviation where there is more than one data point in
a one degree square, (¢) number of “points of influence” used in the calculation of the field.
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Fig. 7. Time series of the AAIW salinity minimum for Argo floats 5900324 (top) and 3900121
(bottom). The left panels show the float trajectories superimposed on the AAIW salinity min-
imum field derived from the World Ocean Atlas; the red circle indicates the start of the drift.
Contours are drawn at 0.01 intervals. The smooth (blue) curves in the right panels are the
time series of the AAIW salinity minimum along the float track derived from the Atlas. The red
curves are the Argo float observations. The dashed lines indicate the instrumental resolution
(£0.003). The Argo team gives 0.01 as salinity accuracy, slightly more than three times the
indicated range.
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Fig. 8. As Fig. 7 but for Argo float 3900120.
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Fig. 9. As Fig. 7 but for Argo floats 39047 (top) and 4900334 (bottom).
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Fig. 10. As Fig. 7 but for Argo floats 5900105 (top) and 5900443 (bottom).
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Fig. 11. As Fig. 7 but for Argo float 5900360.
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Fig. 12. As Fig. 7 but for Argo floats 3900103 (top), 5900097 (centre) and 3900225 (bottom).

Green lines highlight the presumed evolution of separate AAIW varieties.

2052

osD

3, 2021-2058, 2006

South Pacific
Antarctic
intermediate water
variability

M. Tomczak

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EG

c


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/3/2021/2006/osd-3-2021-2006-print.pdf
http://www.ocean-sci-discuss.net/3/2021/2006/osd-3-2021-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html

osD

3, 2021-2058, 2006

South Pacific
Antarctic
intermediate water
variability

600

500 e M. Tomczak

1000 Title Page

Abstract Introduction

1200
Depth
(m) T T T T T S

35 30 25 Latitude (deg S) 20 23.5 23.0 22.5 degS 22.0 Tables

Conclusions References

Figures

Fig. 13. A submerged eddy in the depth range of Antarctic Intermediate Water observed in
section P14C of the World Ocean Circulation Experiment (WOCE) across the South Fiji Basin.
The right panel is an enlargement of the rectangle indicated in the left panel. Adapted from
Tomczak and Andrews (1997).
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Fig. 15. Salinity against depth and temperature (TS-diagram) for Argo floats 5900324 (top),
3900222 (centre) and 5900443 (bottom). The salinity scale is valid for the first curve on the left; Printer-friendly Version
successive curves are shifted by 0.02. Red marks indicate the salinity minimum identified by
the minimum detection software.
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Fig. 16. Argo float surfacing locations colour-coded to show the occurrence of large
horizontal gradients in the AAIW salinity minimum. A green dot indicates a gradient
dS/dl<0.001km™, a blue asterisk a gradient 0.001 km™'<dS/dI<0.002km™", a red asterisk
a gradient dS/dI>0.002 km™".
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Fig. A1. The water masses of the thermocline of the Pacific Ocean. PCW: Pacific Central Full Screen / Esc

Water, PEW: Pacific Equatorial Water, S: South, N: North, W: Western, E; Eastern. Adapted
from Tomczak and Godfrey (2003). The red line indicates the approximate track of float 39047,
the black line WOCE section P18.
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Fig. A2. Cumulative TS-diagram for WOCE section P18 between the Equator and 30° S (black)
and Argo float 39047 (red). The shift from high to low salinity at temperatures above 10°C E—
indicates the transition from Equatorial and Central Water to subpolar water. The black line
through the data is the TS-diagram of the WOCE P18 station at 15°S in the centre of the Full Screen / Esc
frontal zone between subtropical and subpolar water masses. The data show the presence of
the Transition Region at the section in 1994.
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