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ABSTRACT

Eddy Heat Fluxes at Drake Passage
Due to Mesoscale Motions. {May 1982)
Ricardo Luis Rojas Recabal, B.S., Catholic University
of Valparaiso, Chile

Chairman of Advisory Committee: Dr. Worth D. Nowlin, Jr.

Heat budget studies have shown tﬁat a net poleward heat flux
across the Antarctic Circumpolar Current (ACC) is required to
balance the heat lost by the sea to the atmosphere around Antarctica.
This study investigates the contribution to the heat flux across
the ACC which can be attributed to correlations between mesoscale
fluctuations in temperature and fluctuations in the north-south
velocity component. The data base consists of 9-to 12-month
current and temperature records from 47 current meters distributed
on 22 subsurface moorings spanning Drake Passage.

Unlike previous data sets, the 1979 records included bressure
measurements to monitor the vertical displacements of the instru-
ments as large horizontal spéeds caused the mooring configuration
to depart from the vertical, or to blow-over. A careful study was
made of the error in eddy heat flux which regults if no correction
to the temperature time series is made to compensate fo} mooring
blow-over. [t is shown that the use of an uncorrected temperature

time series results in over-estimating the poleward heat flux by

iti



approximately 30%. A method of correcting the temperature time
series for blow-over using recorded pressures and historical
vertical temperature gradients was developed.

The resulting estimates show bands of poleward and equatorwalfd
eddy heat f'l.ux across Drake Passage. This pattern results from
aliasing of the calculations due to single or multiple long-term
events in the records. It is shown tr!at the removal of such long-
term events by separating the records into several pieces before
calculating eddy heat fluxes reduces the poleward heat flux and
eliminates the equatorward heat flux. The remaining poleward eddy
heat fluxes were shown to bé dominated by individual events.

For most records individual mesoscale fluctuations contributed
more than 50% of the record length heat flux in time periods
constituting less than 20% of the total record lengths. The
average eddy heat flux from our deep records acress Drake
Passage is 4.8 kWm2 polew‘ard)in good agreement with Bryden's
{1979) estimate of 6.7 kWm~2, considering that his estimates were

not corrected for mooring blow-over.
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L INTRODUCTION

1. Background

In this study new measurements are used to estimate heat fluxes
across the Antarctic Circumpolar Current which flows through Drake
Passage. The background given in this section provides a brief
physical description of the waters which flow through Drake Passage
and describes previous related work on heat flux.

a. The Antaretic Circumpolar Current System at Drake Passage

The ocean region between the southern tip of South America
(Cape Horn) and the South Shetland Islands on the northernmost conti-
nental margin of the Antarctic Penninsula is known as Drake Passage.
The width of the passage is approximately 800 km. Its average depth
is near 3600 m, though there are trenches in the southern passage
deeper than 5000 m and the topography in the northern passage is
quite rough with hills and ridges rising to within 2000 m of the sea
surface.

Drake Passage is the only major direct connection between the
Atlantic and Pacific Oceans. Through the passage flows one of the
vorld's largest ocean currents, the Antarctic Circumpolar Current
(ACC), which circles ﬁhe globe north of Antarctica flowing from west

- to east. The passage acts as a constriction to the flow; it is the
narrowest channel through which the ACC must pass and. is some 1000

to 1500 m shallower than the southeast Pacific or southwest

The style and format of this thesis conform to that of the
Journal of Physical Oceanography.



Atlantic basins. The cross-passage orientation is NNW to SSE so that
the average through-passage flow direction is to the ENE,

Much of the recent field work in Drake Passage has been carried
out as part of the International Southern Ocean Studies (ISOS)
program, A series of experiments called the First Dynamic Response
and Kinematics Experiment (FDRAKE) began in 1975 and concluded in
1979-1980 with a major field program, DRAKE 79, These experiments
form the basis of our current understanding of the ACC at Drake
Passage, and those results pertinent to this study are presented here.
A full description of the field programs may be found in the
International Southern Ocean Studies Program Summary,

The flow through Drake Passage is concentrated in three fronts
or regions of relatively large geostrophic flow which separate four
distinct water mass zones. The fronts are regions of large horizontal
property gradients between zones of generally more uniform property
characteristics. The major features of the thermal field across
Drake Passage are illustrated in Fig, 1 which shows a temperature‘
section observed in January 1979 from the R/V MELVILLE on the initial
cruise of DRAKE 79, In this section, the Subantarctic Zone (SAZ)
is confined to the extreme northern portion of the Passage between the
South American Continental slope and station 13. The temperature in
the SAZ decreases monotonicélly with depth. The Subantarctic Front
is the southern boundary of the SAZ., A different stratification

characterizes the Antarctic Zone (AAZ) found between stations 9



and 3. Here a temperature minimum resulting from summer warming above
the remnant of the cold, winter mixed layer dominates the upper water
column, The northern extent of this cold subsurface layer (between
stations 9 and 10) marks the location of the Polar Front.

Between the Polar Front and the Subantarctic Front is a regioﬁ
of transitjon between the stratification found in the Subantarctic
and Antarctic Zones. As a transition region, the Polar Frontal Zone
(PFZ) displays a wide variety of thermal stratification, ranging from
the near-Subantarctic to the near-Antarctic, Fig. 1 also illustrates
a transient feature frequently observed in Drake Passage, a cold-core
ring of Antarctic water from south of the Polar Front which has
separated from that water mass and bacome isolated within the PFZ.
The ring, located between stations 14 and 15, represents one way
in which heat can be transferred across the Polar Front. A second
mechanism can be inferred from the temperature distribution north of
the Polar Front between stations 10 and 17. Here, cold water from
the Antarctic Zone sinks below the warmer surface waters of the P?Z
resulting in a temperature profile with numerous inversions and
reversals. These inversions, which characterize the process of inter-
Teaving, range in vertical scale from a few meters to tens of meters
and are thought to be a major source of heat exchange across the
Polar Front. ‘

The southernmost zone in Drake Passage is the Continental Zone,
which is separated from the Antarctic Zone by the Continental Water
Boundary (between stations 2 and 3 in Fig. 1). The Continental Zone

is distinct in its temperature/salinity relationship only at depths
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above about 500 m. Below 500 m in the southern Passage and below
~2000 m in the north, a single water mass, the Circumpolar Deep Water
(CDW) fills Drake Passage. Although the CDW has a nearly uniform
T/S relationship, Nowlin et al, (1977) have shown that it reflects
the surface zonation in its horizontal property gradients. This is
seen in Fig. 1 as regions of large horizontal temperatﬁre gradients
in the deep water at each front.

Surface speeds within the fronts are typically 30-40 cm/s and
most of the transport through the Passage is in the frontal regions
(Nowlin and Clifford, 1982). The velocities within the fronts are
highly coherent vertically, and below the surface waters the verti-
cal shear of current is remarkably uniform (Pillsbury et al., 1979).
Meanderings of the Subantarctic and Polar Fronts frequently result
in lateral shifts in frontal positions of up to 100 km in periods
as short as a week {(Nowlin et al., 1977). On two occasjons during
10s field work, meanders of the Polar Front have pinched off to
produce isolated cold-core rings (Joyce and Patterson, 1977; Peterson
et al., 1982). An understanding of the frontal movements
during DRAKE 79 will prove to be crucial to the interpretation of the
heat flux measurements presented in this study.

b. Heat flum; previous related work

Ever since the oceans were understood to play an important role
in the earth's thermal balance, much emphasis has been given to heat
transport by ocean currents. Previous studies on the role of ocean
currents in transpbrting energy poleward have shown different mean

meridional patterns for different oceans.



In the Northern Hemisphere, Vonder Harr and Oort (1973), using
an indirect method combining satellite data on the net radiation
budget of the earth-atmosphere system together with atmospheric
energy transport estimates based on rawinsonde data, calculated that
the oceanic ?ole in the total poleward heat transport was important
relative to that of the atmosphere only at low to middle latitudes.
Using the same method Trenberth (1979) found that in the Southern
Hemisphere the ocean heat transport was comparable in value to that
of the atmosphere at higher latitudes (6005), in contrast to the
situation for the Northern Hemisphere, where the ocean transport seems
negligible at higher latitudes. Gordon (1975) estimated poleward
heat flux by the ocean to be about 4 x 10'*W in order to compensate
for the heat Tost to the atmosphere south of the Polay Front. More
recently Gordon (see deSzoeke and Levine; 1981) has reduced his esti-
mated value to 3 x 10144,

deSzoeke and Levine (1981) presented an average heat balance for
the Southern Ocean south of the Polar Front. They developed a method
to calculate, using historical hydrographic data, the mean advective
heat flux past a closed curve, near the mean position of the Polar
Front, due to mean baroclinic and barotropic geostrophic motions
within the interior oceans (excluding the surface and bottom boundary
layer). They found no net meridional heat flux by mean advection
within the ocean interior (0 + 2.3 x 1014W), However, they found an
equatorward heat flow across the Polar Front of 1.5 x 10l“W due to
the surface wind-driven Ekman layer. Adding that Ekman flux to

Gordon's estimate of heat lost to the atmosphere, they obtained a



value of 4,5 x 101*W for poleward heat flow in the ocean across

the Polar Front which must be supplied by other processes. Possible
candidates include northward flow of cold bottom water, small-scale
processes such as interleaving across the Polar Front and heat flux
due to mesoscale fluctuations. The latter is a strong candidate
for the mechanism responsible for achieving the heat balance of the
Southern Ocean.

In order to estimate the heat flux past a fixed location due to
mesoscale fluctuations, time series of measurements of horizontal
velocity and temperature are made at the location. The Tong term
means are removed from the velocity components and temperature, and
the flux of heat resulting from correlated fluctuations of tempera-
ture and speed along the axis of interest is estimated., This is
called the eddy heat flux. If the original time series are filtered
to remove high frequency fluctuations, then the resulting
eddy heat flux is an estimate of heat flux due to phenomena with
meso- and long-period fluctuations.

The first attempt to compute eddy heat fluxes across the ACC
time series used were from 9 to 12 months long and were made during
1975 at depths near 2700 m on six moorings distributed more or less
uniformly across Drake Passage between Cape Horn and the South
Shetland lsl;ands. Bryden (1979) estimated that the current and: tempe-
rature fluctuations having periods greater than two days produce an

average poleward eddy heat flux of 6.7 kWm=2. Assuming these



values were typical of those throughout the water column over the
entire circumpolar region this heat flux would be large enough to
account for the entire poleward heat transport across the Polar
Front estimated by Gordon,

A second evaluation of mesoscale eddy heat fluxes at Drake
Passage was carried out by Sciremammano (1980). He extended Bryden's
computations over a depth range from 300 to 3500 m using 1977 measure-
ments from a cluster of 5 moorings in the central passage and for
another year using 1976 measurements at three Tocations (northern,
central and southern passage) which had been sampled :also during
1975. The measured heat flux was large at the center of the pas-
sage as a result of mesoscale disturbances crossing the Polar Front
(meanders, migration of the Front or eddies formed from it). In

general, Sciremammano (1980) arrived at the same conclusion as

Bryden (1979), i.e., the poleward heat flux due to low frequency
motions is large at Drake Passage.

In addition to these mesoscale phenomena (rings, eddies or
meanders) responsible for the eddy heat flux estimated by Bryden
(1981), other phenomena have been shown to be important in the trans-
fer of heat across the Polar Front, namely small-scale, cross-frontal
intrusions or interleaves (Joyce and Patterson, 1977; Joyce et al.,

1978).

2, Objectives of this Study
The nature and magnitude of the meridional oceanic flux of
heat across the Antarctic Circumpolar Current are important to our

understanding of the oceanic heat budget and climate, Based on a



very limited number of measurements, previous studies have

indicated that eddy heat fluxes across this current are (1) poleward,
(2) due principally to mesoscale processes and (3) significant in
terms of balancing the sea-to-atmosphere heat exchange occurring

of the Circumpolar Current. During 1979, temperature and velocity
were measure& hourly at a large number of Tocations spénning the
Circumpolar Current at Drake Passage. From these measurements new
estimates of eddy heat flux can be made and their significance to
meridional heat exchange in the ocean estimated.

The first objective of this study is to correct the 1979
measurements in Drake Passage for sampling problems so that reasonably
accurate, Eulerian time series of temperature and horizontal velocity
are available from which to compute heat fluxes. Thé second cobjective
is to determine a methodology for obtaining reasonable estimates
of meridonial eddy heat flux associated with mesoscale events from
the time series. A third objective is to extend spatially the ‘
previous eddy heat flux estimates to provide wider coverage of Drake
Passage through more intensive synoptic measurements during 1979.

The final general objective is to compare with previous estimates the
new heat flux estimates and to examine the implications of

these estimates relative to the heat budget of the Southern Ocean.
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OBSERVATIONS AND METHODS

1. Data Coverage

Horizontal current and temperature records from 47 current
meters distributed on 22 subsurface arrays moored in Drake Passage
were obtained during the DRAKE 79 experiment. The moorings were
deployed during January and February of 1979 and recovéred in
February of 1980; most records are nearly one year long. Figure 2
shows a plan view of the locations of the year-long moorings as well
as the hydrographic stations occupied as part of the field program.
Fifteen meorings were on the Main Line across the passage from Cape
Horn to Hero Bay in the South Shetland Islands; the remaining
seven moorings were in the central passage west of that line in
what is referred to as Mapping and Statistics (MS) array. The
vertical distribution of instruments is pictured in Fig, 3 which also

indicates data recovery,

2. Calculations
Values of poleward, eddy heat flux for the ith day are computed

using the relation (after the work of Reynolds, 1894),

Q= B'Cp (v'T')s,

where p and Cp are the mean density and specific heat of seawater
respectively, daily meridional velocity and temperature values are

given by

)
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v=V+y', @
2
T=T+T",

where v is the meridional component of velocity (taken positive
when northward), with bars denoting record-length (time)

averages and primes denoting turbulent (random) fluctuations of each
variable about its mean value. The mean poleward, eddy heat flux

component for each current meter is obtained by

n
Q= pCp VT = 5607 (V' T') s (3)
P 1

where n is the total record length, in days.

The data, briginally sampled at one-hour intervals, were low-
pass filtered with a (60 + 1 + 60 point) cosine-Lanczos filter with a
half-power point at 40 hours. The filtered series were resampled
at a 6-h intervals. Since this filtering smooths the data over
a period longer than one day (Pillsbury et al., 1979}, no loss
of information is e){peceted if daily averages are formed. In this
study daily values of all variables are used, obtained by averaging
four 6-h-values.

The low-pass filtering of the original time series removes
from the subsequent heat flux estimates all contributions due to
phenomena manifested as fluctuations with periods shorter than a
few days. Contributions from phenomena with fluctuations as sensed
at a fixed location, of all longer periods to a maximum period

equal to the record length are included in the heat flux estimates.



a. Corrections for depth exeursions of instruments

In order to compute an eddy heat flux representative :0f a special
spatial position, time series of v and T at a fixed point are required,
If the moorings to which the recording instruments are attached move
about in time, T and v vary as functions of time and depth (and to a
lesser extent of horizontal position which is neglected here).

Glass floats were distributed along the mooring Tine above the
instrument packages to provide buoyancy on the moorings used in the
DRAKE 79 array. In order to increase the chances of survival for long
periods in a hostile environment the moorings were designed to be
"soft", that is with relatively little reserve buoyancy. With such
a design the moorings yield or "blow over" during a strong current
event rather than move their anchors, as might be the case for a
mooring on which the buoyancy almost equals the weight of mooring
and anchor, a "stiff" mooring.

The blow-over of a mooring in the presence of strong currents
gives rise to difficulties in analyzing and interpreting the recorﬂs

obtained from instruments on the mooring, since we generally desire
time series at fixed positions. Thus it is necessary to correct the
time series for depth, or pressure, excursions encountered by the
instruments, if it is believed that such excursions will alias the
interpretation of the data. .

An error is introduced when estimating V77" by using directly
the measured velocity and temperature time series rather than

attempting to correct the velocity and temperature values to a



constant depth. Since 1ittle is known about the time dependent verti-
cal profiles of horizontal velocity, no correction has been attempted.
It should be noted, however, that geostrophic shear profiles indicated
only small corrections would be needed. Since information regarding
the spatial distribution of temperature in Drake Passage is available,
corrections can be made to the temperature time series to remove

(or at least diminish) the effects of blow-over.

The special configuration of the upper part of the North Trans-
port (NT) mooring allowed the accurate reconstruction of a temperature
time series at a fixed depth corresponding to the average depth of the
uppermost meter. On this mooring were four Aanderaa 100-m thermistor
chains: three above the uppermost meter and one below. These gave
the vertical distribution of temperature as a function of time over a
pressure interval which included the record-length average pressure
of the current/temperature recorder. The pressure at each thermistor
bead on the chain was calculated from a knowledge of pressure at the
current meter and at the T/P recorder above the thermistor chains
under the assumption that pressure differences along the mooring
varied linearly as mooring line length. A new time series of tempera-
ture at the mean pressure was constructed by selecting at each time
the temperature at the appropriate depth from the thermistor chain
data. )

The value of VT calculated using this corrected temperature
time series was compared to that calculated from the uncorrected
temperature time series (obtained at the time-dependent depth of the

meter). The mean eddy heat flux from the uncorrected time series



was 96.1 kWm 2 poleward, whereas that from the corrected time series
was only 67.7 kWm 2, a reduction of almost 30% from the uncorrected
value. 1 expected the poleward, eddy heat flux to be exaggerated by
mooring blow-over since the vertical excursions of the meter allow
the sensors to record lower temperatures than the actual values at
the mean depth considered because of the vertical temperature strati-
fication (decreasing temperature with increasing depth). If the
vertical excursion during blow-over is large, the resulting lower
temperatures will bias the mean record-length temperature, resulting
in a record-length mean which is too low to represent accurately the
average temperature at the mean depth of the meter.

Since the dense temperature measurements on NT were unique to
that mooring, an alternative method of correcting other DRAKE 79
temperature records for blow-over was required. The temperature
records from the remaining DRAKE 79 instruments were corrected for
blow-over using historical vertical temperature gradients by the

relation

Tci =T +T (?lPi) (4)
where T, is the ith corrected temperature value; T; is the ith
observed temperature value; T' is the historical temperature

gradient apﬁropriate to the water mass zone and pressufe rangé for the
instrument; Pi is pressure recorded with Ti; and T is the pressure to
which temperature is to be corrected, taken as the record-length

mean for the instrument.



Pressure records were available from most current meters and
were used to make the corrections. However, there were some -
meters which were driven off scale by large vertical excursions.
Extreme examples are the deep meter at ML1, for which the pressure
records are missing during 14% of the record length, and both upper
and deep meters at ML2, for which pressure values are missing are
9% and 3% of their record lengths, respectively. For some meters
no pressure records were obtained; the meter at SS500; the upper
meter at MS4; and the deep meters at ML5, MS2, MS4, MS6 and MS7.
The correction for blow-over applied to records from these meters
is discussed later in this section. In Table 1 are summarized some
of the largést pressure variations recorded during the experiment.

The historical temperature gradients were computed for two
pressure ranges within each water mass zone. They are presented
in Table 2. The temperature vs. pressure profiles used to compute
these gradients were compiled by Whitworth (1979) from all the useful
data available in a period of almost 50 years. These profiles
were used under the assumption that they better represent each zone
than would profiles from specific cruises. That historical data
from different years can be averaged is supported by work of
Nowlin and Clifford (1982) who find remarkable uniformity in -
vertical profiles of T, S aﬁd 02 within each zone from year to
year and from cruise to cruise,

As shown in Table 2, the vertical temperature gradients for
different zones have markedly different values in the upper layers.

To correct properly the temperatures at a specific mooring, detailed



Table 1.

excursions,

Mooring Mean Max.
NT 647.8 981.7
NT 948.9 1235.7
ML1 810.0 1331.1
ML 2732.6 29723
ML2 882.2 M7
ML2 2725.6 2958.5
ML6 688.8 1034.8
ML6 1391.4 1683.6
M7 587.9 899.9
ML7 1297.0 1566.0

Min,
598.1
910.3
481.4
2556.7
571.3
2568.4
624.7
1337.5
506.9
1234.4

Range
383.6
325.5
849.7
415,5
845.8
390.1
410.1
346.1
392.9
331.6

Var,
3790.7
2540.3
44490.8
14523.3
29196.1
6615.5
5858.9
4227.8
8343.9
5976.7

Summary of pressure variations (in db) for DRAKE
79 meters which experienced the largest depth

‘5.0,

61.6

50.4
210.9
120.5
170.9

81,3

76.5

65,0

91.3

77.3



knowledge of which zone the mooring was in as a function of time
would be required. Where frontal shifts past a mooring are
frequent, the application of different corrections would be
impractical. We avoid the problem near the Polar Fron;c since upper-
layer temperature gradients for the PFZ and AAZ are nearly the same.
Similarly, since the deep layers of the Passage are of one water
mass (COW) the distinction is unnecessary as shown by the similar
values of T in the northern three zones. Because the SAF frequently
moved past the positions of Moorings ML and ML2, they were some-
times in the SAZ and sometimes in the PFZ. This movement of the
front past the moorings caused the upper meters to experience depth
excursions outside the depth range used to calculate the vertical
temperature gradients for upper layers given in Table 2. Thus, for
correcting temperatures at the upper meters on ML1 and ML2 special
T values of -19.5 x 107 °C/db and -4.50 x 10”% %C/db weve calcu-
lated from historical data. Fortunately, the moorings at the ex-
treme northern and southern boundaries of the Passage remain in one
zone for the entire year.

To test this method of correcting temperature for instrument
-blow-over, the mean eddy heat flux was computed using the mean
gradient correction for the uppermost meter at NT and compared with
results obtained by correcting temperature using the thermistor
data. The mean eddy heat flux for the temperature time series
corrected using the historical temperature gradient (-20.8 x 10'4 O%/db;

2

upper SAZ) gave a value of 69.8 kWm - poleward, a difference of

3% compared to the value of 67.7 kwm'2 poleward heat flux obtained



Table 2. Historical vertical temperature gradientso(r) for each of
the four zones at Drake Passage (in 10-+ ’C/db). Standard
errors are shown within square brackets.

Layer/Zone Subantarctic Polar Antarctic Continental
Frontal

Upper

(= 500 to -20.8 -3.83*% -4,06* -5.16

1400 db) [0.93] [0.92] [0.55] {1.81]

Deeper ~6.75 ~6.62%* -6.55 -3.59

(= 1000 to [0.24] [0.10] [0.21] [0.30]

3000 db)

*The gverage value used for upper meters within the PFZ or AAZ was
3.95 “C/db.

**The average value which was used for deeper meters within the SAZ,
PFZ and AAZ

20



from thermistor chain corrections. This current meter experienced
some of the largest depth excursions recorded during DRAKE 79. Of
course, it may be fortuitous that the mean values of eddy heat flux
obtained using the two correction methods agreed so well. Neverthe-
less, this small difference provides some Justification for use of
the historical temperature gradient method in correcting the tempera-
ture time series to constant depths.

For those meters which produced no pressure records a constant
correction factor was applied to the corresponding uncorrected mean
eddy heat flux. The procedure is illustrated by considering the
correction for the deepest meter at MS6. The corrected mean eddy
heat flux was obtained by reducing the uncorrected value by 10%,
i.e., using a correction factor of 0.9. This correction was
selected after calculating the ratio (VTTT)C (VTTT)-] for both shal-
lower meters on the same mooring, where (VTTW7C is the corrected mean
eddy heat flux (i.e., temperature corrected for mooring blow-over)
and V'T" is the mean eddy heat flux from original records. The
ratios for the upper (810 m) and intermediate (1416 m) meters were
0.90 and 0.93, respectively. Neither meter had a range of depth
excursions larger than 100 m, and it can be assumed that the depth
range for the deeper meter did not exceed 100 m. We further assume
that a reduction of the value of VT by 10% will yield a reasonable
estimate for (V"T")c at the deepest meter. Similar procedures were
used to obtain "corrected" values of eddy heat flux at the deep
meters on ML5, MS2 and MS7. The uncorrected mean eddy heat flux was

used at SS500 since the meter was located quite near the bottom and

21
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tittle blow-over was possible. The uncorrected mean eddy heat fluxes
were also used for both meters on mooring MS4, since neither had
pressure records.

B. Error Estimates

Aanderaa current meters were used to measure and record
temperature and water velocity. After calibration, the total errors
in temperature and poleward component of velocity are not expected
to exceed 0.04°C and 1 cm/s, respectively. Since such errors are
expected to occur randomly and there is no reason to expect that
poleward velocity and temperature errors would be correlated, they
are not expected to influence estimates of eddy heat flux.

Apart from the measurement errors inherent in the instrumenta-
tion used, there are several potential sources of error associated
with our measurements. One source of error is the use of mean
(historical) vertical temperéture gradients for the various water
mass zones to correct the temperature time series for vertical
excursions due to mooring blow-over. A simple linear regression
model was applied to the historical data to obtain the best fit
linear vertical temperature gradients (r) for each zone. In order to
compare the fitted Tinear temperature gradients for each zone the )
standard error of the slopé coefficients were computed (Ostle and
Mensing, 1979). The standard error for each I' estimate is

res iy 17
sr = il_nlll— % (5)
(n-2) £ (p;-P)
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where Ti is observed historical temperature at pressure Pi’ fi is
the temperature from the linear fit and P is the mean pressure from
the n observed values of Ti‘

The largest errors are associated with the vertical temperature
gradient within the PFZ. This is expected since the PFZ is a
transition region representing a wide variety of thermal stratifi-
cations. We expect that the mean gradient minus the standard '
ervor would be representative of the southern PFZ while the mean
gradient plus the standard error would best represent the northern
portions of the PFZ. Moreover, since the Polar Front varies in
position, we expect that any mooring near the front would sample a
wide range of temperature gradients, and that the errors resulting
from using a mean gradient would tend to cancel for year-long
measurements.

As a check on a "worst case" error, the upper meters at
moorings ML5 and ML6 were corrected with the mean gradient plus and
minus the standard error. Using the mean temperature gradient
(-3.83 x 107 °C/db) the eddy heat flux is -1.5 kWm2 for MLS
at 647 m and -25.4 kKWn2 for ML6 at 688 m. The mean gradient plus
the standard error (-2.91 x 10~ °C/db) gave values of -2.3 kim=2
for ML5 and 27.6 kWm-2 for ML6. The mean gradient minus the
standard ervor (-4.75 x 107" %/C/db) resulted in eddy heat fluxes of
0.6 'kWm=2 for ML5 and -23.1 kim=2 for ML6. Thus, even if the
errors using the mean temperature gradient did not tend to cancel,
the sign of the eddy heat flux would not change even though a

large percentage of error at ML5 would result.



One important statistical consideration concerning the mean
eddy heat flux is how much confidence we associate with the compu-~
tation. By establishing the confidence interval about the mean
eddy heat flux a statement of certainty may be made. This is
especially important for small positive and negative heat fluxes,
because these values may not be significantly different from zero.

The average observed heat fluxes are unbiased estimators of
the true mean, u. In order to account for the variation of the
sample mean, a 95% confidence interval for ﬁ was computed. There

is 95% confidence that the true mean p lies in the interval (u, L)

given by
Us=Xtt g (n-1) Sz

and (6)
L=X -t g5 (n-1) S

where:

X = mean sample value, e.g., mean record-length eddy heat flux,
Sp= s/

s = sample standard deviation,

n = number of data points,

r = % level of confidence (expressed asa fraction between 0-1) and
t_975 (n-1) = 97.5% percentile of the "Student's t" distribu-

tion with n-1 degrees of freedom.
s? -
X s an estimator of the variance of X, given by
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— 2 2
Var (x) = & + £z Cov (X, X4)»
[ i<i it

where X5 and xj are daily average eddy heaf flux values, If the
covariances, Cov ("i’ xj), are zero then 5;21'5 an unbiased esti-
mator of Var (X}. If the covariances are positive, then ngunder-
estimates Var (X) and the computed confidence intervals will be too
narrow. On the other hand, if the covariances are negative, then
Si-zoverestimates Var {X) and the confidence intervals will have
higher than 95% confidence. In the following calculations S; will
be used in order to simplify the calculations. The reader should
thus be aware of the possible inaccuracy of these ihtervﬂs as
estimates of p.

For each time series of daily eddy heat flux the record-length
mean eddy heat flux was calculated. In order to estimate how this
mean sample value represented the time series, calculations were made
for each time series of the standard error, and confidence interval.
In particular, each time series was tested to see whether the true
mean differed from zero at the 95% confidence level, i.e., whether
zero was outside the 95% confidence interval given by (6) around the

record-length mean.
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RESULTS OF RECORD-LENGTH EODY HEAT FLUX CALCULATIONS

Record-length mean values of meridional eddy heat flux for
all 1979 current meter records from Drake Passége have been com-
puted using the methods described in the previous sections. In
Table 3 are shown these heat flux values together with statistical
cenfidence estimates, including standard deviation and upper and
Tower bounds as computed using equation 6. The statistical measures
were calculated using daily heat flux values corrected for mooring
blow-over for those meters which returned pressure records. For
the following meters there were no usable pressure records: 2644 m
at ML5, 500 m at $S500, 2785 m at MS2, 500 m and 2975 m at MS4,

2709 m at MS6 and 2524 m at MS7. At SS500 little vertical excursion
was possible, and thus blow-over corrections were not necessary. To
correct for blow-over at the other meters, heat flux values were

multiplied by a factor near 0.9, as previously described. The values

of standard deviations reported for those time series are from the
uncorrected time series of v'T'. Thus, they are somewhat Targer than
would be the corresponding quantities from time series of v'T'
corrected for blow-over.

In the Appendix are presented the daily average of meridional
eddy heat flux of the instrument records from the DRAKE 79 array.
Aiso shown for each record is the cumulative mean of the heat

flux as a function of time t given by:



Table 3. Poleward, record-length eddy heat fluxes, Q, with statisti-
cal confidence estimates from DRAKE 79 data. U and L
are the upper and lower bounds for the true mean eddy heat
flux at 95% confidence level. An asterisk denotes Q
values which are not significantly different from zero at
95% confidence level.

Mooring Meter Standard u qQ L
Depth Deviat;on (kWm=2) (kWm~2) {kWm=2)

(m)  (kWm2)
NS500 533 39.1 -4.1 -8.0 -11.9
NS1000 528 65.4 -22.8 -29.5 -36.2
NT 647 161.7 -43.4  -67.7 -92.0
NT 949 125.3 -39 -4 -56.3
NT 1356 35.9 1.0 -4.1% -9.2
NT 1659 21.5 -1.3 -3.5 -5.7
NT 2650 19.4 -3.9 -5.9 7.9
ML 810 207.2 -91.6  -111.6 -136.4
ML 2133 33.7 -3.7 -7.0 -10.3
M2 882 138.1 5.5 -19.4 -33.3
M2 2726 43.1 7.5 L7 -15.9
L5 647 87.6 7.3 -1.3* -9.9
M5 1351 39.9 -2.6 -5.9 -9.2
M5 2644 20.2 -2.1 -4.3 -6.5
M6 - 689 72.8 -17.8  -25.1. -32.4
ne 1391 34.3 S17.1 -20.4 "-23.7
M7 588 42.9 3.9 27.4 22,9
M7 1297 23.3 15.0 127 10.4
ML7 2607 16.1 1.2 -0.4% -2.0

ML8 610 26.0 10.8 7.8 4.8



Table 3, Continued.

Mooring Meter Standard

28

Depth  Deviaticn (kag'Z) ( Ki-2 ) (kW#'z)
(m) (KWm™2) - .

ML9 611 11.9 2.2 0.8% -0.6
ML10 500 32.4 -4.6 -7.7 -10.8
ML10 2590 8.6 -0.4 -1.2 -2.0

MLI1 2658 11.6 -2.9 -4 -5.3

ST 695 34.2 -5.9 -13.6 -21.1
ST 1408 28.9 2.0 -0.9% -3.8
ST 2715 2.0 0.0 -0.2 -0.4
$51000 509 . 80.7 36.5 26.9 17.3
$S500 500 54.7 18.0 12.5 7.0
MS1 688 18.2 3.2 1.0% -'l.é
M1 1390 10.0 2.8 2.7 2.6
Ms1 2699 4.7 0.4 0.0* -0.4
MS2 804 13.2 6.7 5.3 3.9
Ms2 1493 9.1 3.9 3.8 3.7
Ms2 2785 5.9 3.2 2.6 2.0
MS3 648 20.6 -6.6 -8.8 -11.0
Ms4 ’ 500 12.4 -4.0 -5.6 -7.2
MS4 2975 5.5 -0.2 -0.8 -1.4
MS5 755 62.2 7.1 0.8* -5.5
MS5 1468 22.8 ) 4.8 2.4* 0.0
MSS 2766 30.4 3.2 0.3* -2.6
MS6 819 -31.9 -7.8 ~11.1 -14.4



Table 3, Continued

Mooring Meter Standard !} Q L
Depth  Deviation  (kWm=2) (kWm-2) {khWm=2)

(m  (kin)

MS6 1416 25.9 -8.1 -10.8 -13.5
Ns6 2709 19.6 -4.5 -6.5 -8.6
Ms7 543 26.0 8.9 6.2 3.5
MS7 1230 17.8 5.5 3.7 1.9

MS7 2524 8.6 3.7 4.7 5.7
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Along the Main Line (Fig. 4) there is a poleward eddy heat
flux at most locations, with the largest values in the northern
passage. Near the central passage and near the southern continental
boundary are zones in which the eddy heat fluxes are directed
equatorward rather than poleward. This change in direction of flux
is also found in the MS array (Fig. 5), in which most of the meters
adjacent to moorings ML7 and ML8 show equatorward heat flux.: -

The general pattern is one of heat flux values decreasing
with increasing depth in the water column. The sign of the heat
flux is generally independent of depth. The pattern of depth
dependence for the entire Drake Passage is in agreement with the
high vertical coherence of both currents and temperature previously
observed in specific areas of the passage (Pilisbury et al.,

1979; Sciremammano et al., 1980).

Eddy heat fluxes in Drake Passage are quite dependent on
sampling locations and seem to be distributed in zones with large to
moderate poleward values in the Subantarctic and Polar Frontal Zones
respectively. In the northern part of the Antarctic Zone (just south
of the Polar Front) a consistent equatorward heat flux is present
throughout the water column, while poleward values are found in its
southern part. In the Continental Zone the heat fluxes are

moderately large and directed equatorward.
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Fig. 4. Record-length mean values of meridional eddy heat flux, in kim 2, as a function of
Tatitude and depth for the current meters on the Main Line. Fluxes are poleward unless
marked with an x. : E :

te



& Aanderaa
X826 A Geodyne

! _ © TP recorder

Fig. 5. Record-length mean values of meridional eddy heat flux;- in-
kWm 2, as a function of position and depth for the MS array.
Fluxes are-poleward unless marked with an x.

32



.33

Spatial averages of eddy heat fluxes were computed to compare
DRAKE 79 estimates with previous estimates. Heat fluxes for six
deep records (2700 m) on the Main Line show an average poleward eddy
heat flux of about 4.8 kWm™2 which is smaller than the value of
6.7 kWm“2 obtained by Bryden (1979) for FDRAKE 75 records. However,
Bryden's records were not corrected for blow-over. The average of
the original uncorrected heat flux values from the deep 1979 meters
was 5.7 kim=2, which is closer to Bryden's valye. The average value
of eddy heat flux for the center of the passage for all depths
greater than 1000 m was computed by Sciremammano (1980) from long-
term records during 1975, 1976 and 1977. Although Sciremammano did
not correct his values for mooring blow-over, his average value of
17 kdm=2 is considerably larger than that of 2.2 kWm™2 obtained for
a 'subset of the 1979 current meters similarly located. The dif-
ference may be due in part to the large year-to-year variability
found in this area, near the location of the Polar Front.

At most of the DRAKE 79 meters the true mean eddy heat flux is
significantly different from zero at a 95% confidence ievel. The
records from DRAKE 79 which do not meet this criterion are: NT
at 1356 m, ML5 at 647 m, ML7 at 2607 m, ML9 at 611 m, ST at 1408 m,
MS1 at 688 and 2699 m and the three meters‘at MS5. Those meters
have mean eddy heat flux values very close to zero and/or large
variances in the fluxes which makes the confidence bounds wide.

The large variances are produced by events passing the moorings

during the recording period.
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Previous estimates of eddy heat flux from the ACC were all
poleward. Thus, the present equatorward fluxes are unexpected. An
explanation for this pattern of north-south zonation of heat fluxes
was sought and is presented in the next chapter. First, the effects
of long-term shifts past the moorings of thermal and kinematic
structure is examined. This is followed by a discussion of the

influence of mesoscale events (in the records) on the mean fluxes.



DISCUSSION OF RESULTS

1. The 1979 Flow Field

The three-dimensional character of the 1979 array permitted,
for the first time in Drake Passage, a year:long description of the
flow upstream of the central passage region. Weekly maps of
temperature and velocity at the 500-m Tevel were constructed from the
instruments in the Mapping and Statistics Array and along the Main
Line moorings (Whitworth and Gallo, 1981). Figure 6 shows the
locations of the 500-m isotherms as a function of time across the
Main Line moorings. The locations of the Subantarctic Front and the
Polar Front can be roughly associated with the 3.5%C and the 2.3%
isotherms at this level. Two frequency ranges of frontal motions
important to the understanding of eddy heat flux calculations are
illustrated in this figure. The Subantarctic Front is highly
variable in position with many aperiodic lateral shifts--probably
associated with meanders in the front. Such meanders result in time
series which are dominated by episodic variability as high speed
current cores traverse the mooring location. Previous current
measurements have shown the northern passage to be a region of
extremely variable currents and temperatures (Nowlin et al., 1980).
Figure 6 shows frequent crossing of the Subantarctic Front past
mooring ML2, for instance. During the first part of 1979, frontal
crossings are so frequent that the time series may be too noisy to
distinguish adequately individual events.

The Polar Front, by contrast, shows considerably less high

freguency meandering on the Main Line. The entire year is dominated
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by a single shift of the front from a southerly position to a more
northerly one around mid-year. In the following two sections, the
influence of these frequency ranges of events on eddy heat flux

calculations will be assessed.

2. Influence of a Single Frontal Shift

The existence of eddy heat fluxes of opposite sign at moorings
ML6 and ML7, Tess than 50 km apart, is unexpected. That the sign
change occurs at all depths, is unaffected by corrections for
mooring blow-over and also is supported by similar sign changes
within the MS array is remarkable. In this section we will show
that the anomalous equatorward heat flux at ML7 and the magnitude of
the poleward heat flux at ML6 are both associated with the northward
shift of the Polar Front which occurred in July 1979.

During the first half of the year the Polar Front was located
close to the ML7 mcoring which resulted in recorded fluctuation
speeds larger than the record-length mean (v'>0) and fluctuation
temperature warmer than the record-length average (T'>0). This
combination produces equatorward eddy heat flux values over most of
this portion of the record irrespective of correlations between
mesoscale fluctuations in T and v. During the second half of the
year the Polar Front was located north of the ML7 mooring, which
resulted in speeds slower than average (v'<0) and temperatures colder
than average (7'<0). This again produced equatorward eddy heat
flux values, virtually independent of the correlation of mesoscale ‘
temperature and velocity fluctuations. This can be seen clearly in

Fig. 7 where the plots of daily meridional velocity components,
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temperatures and eddy heat fluxes are presented for the uppermost
meter. Other meters in the central passage which have equatorward
mean eddy heat fluxes show similar patterns.

The same frontal shift produced the opposite effect immediately
to the north at ML6. As shown in Fig. 8, a pattern similar to that
at ML7 is present in the temperature fluctuations, but fluctuation
vel;acities are primarily poleward for the first half year and equator-
ward for the second half. This combination of fluctuations results
in a mean poleward eddy heat flux for the year.

The annual trend in the meandering of the Polar Front during
1979 could be due to the presence of a core cold ring in the central
Drake Passage for the first half of the year (T. Whitworth III,
personal communication). The single shift in Jocation of the Polar
Front influenced the velocity and temperature averages in such a way
that the fluctuations we might expect from higher frequency eddy
processes are completely masked by this large and long-term effect.

In order to illustrate the effect of the frontal shift, the
original records for the uppermost meters at ML6 and ML7 were divided
into two parts and the eddy heat fluxes computed for each segment.
Temperatures, northward velocities and eddy heat fluxes from ML6
during the first and second halves of 1979 are shown in Figs. 9 and
10. The original poleward heat flux estimate of 20.4 kWm™2 is re-
duced by more than 50% by splitting the records into periods of warm
and cold temperatures; the poleward heat flux is 1.4 KkWm™2 during the
first half of the year and 8.0 kWm™2 during the second half.
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The meridional velocity component, temperature and eddy heat
flux from the first portion of the ML7 record, extending
from early February to late July, are presented in Fig. 11,

A poleward mean eddy heat flux is obtained for that period of time.
The second part of the record, extending from late July to late
December, is presented in Fig. 12. This pictures an equatorward
mean eddy heat flux. However, the original equatorward eddy heat
flux estimate of 27.4 kilm™2 has been reduced by an order of magni-
tude (to 3.7 kWm~2) for this part of the record. Moreover,
examination of the cumulative eddy heat flux curve reveals that
the sign of the heat flux is almost entirely determined by a

large event in late August. The contribution to mean eddy heat
fluxes by events is discussed in the following section.

The sign of the meridional, record-length heat fiux also
changes from poleward to equatorward near the location of the
Continental Water Boundary in the southern Drake Passage. The value
from the instrument at 509 m on mooring SS1000 is 26.9 kWm™2 equator-
ward, whereas at the next mooring to the north, ST, the mean eddy
heat flux at 695 m is 13.6 kWm™2 poleward. Examination of the
temperature record at $$1000 (Fig. 13} shows periods at the
beginning and end of the record during which the temperature is
near 1°C. The mid portion of the record is colder and much more
variable. The meridional velocity component from this meter showed
variability about zero during the beginning and ending portions of
the record and stronger southward flow during the mid record.

This combination gives rise to the large equaterward eddy heat flux
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wheﬁ v'T' are calculated relative to their record-length averages.
Dividing the record into three portions at April 21 and July 11 and
treating each portion as independent records yields mean heat
fluxes of 5.0 kWm=2 poleward, 2.0 kWm™ equatorward and 0.9 kWm™2
poleward for the three portions. However, none of these values
differ from zero at the 95% level of significance, though the 5.0

value is significant at the 90% Tlevel.

3. Influence of Individual Events

The discrete nature of large contributions to the eddy heat
flux at Drake Passage has been stressed by Sciremammano (1980).
He found that the mean record-length eddy heat fluxes were dominated
by events passing the recording instruments. This same effect is
found in DRAKE 79 measurements. For example, most of the equator-
ward heat flux (3.7 kWm=2) in the second half of the ML7 record
(Fig. 12) was contributed by one brief, though strong, event which
occurred near the end of August. Removal of that event reduced
the record-length eddy heat flux to 0.7 kWm-2 equatorward. Moreover,
this new value was not significantly different from zero at the 95%
level.

In order to assess the significance of the discrete events
to the mean heat flux, daily heat flux values were used to obtain a
quantitative measure of the contribution by individual events to
the mean record-Tength eddy heat flux. For this purpose, such

record of Q1 as a function of time was examined for Q; values which
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departed by more than twice the corresponding standard deviation
from the record-length mean eddy heat fiux.

As an example, in the heat flux record at NS500 (Fig. 14)
we can identify six events. The first major event, occurring for

about 6 days during August, accounts for 17% of the total heat flux.

The two following events, occurring for five days each during October
account for 27% and 19% of the total heat flux respectively.

Those three events account for 63% of the total heat flux in less
than 5% of jts total record length.

Examination of all the individual records shows that individual
events contribute more thah 50% of the total heat flux in less than
20% of the total record Tengths. Events are identifiable throughout
the water column at a given mooring (See Appendix Figs. A.3, A.6,
A.7, A.8, A.11, A.16, A.17, A.20, A.21 and A.22). In most cases the
event is recorded first at the deepest meter and later at the upper
meters. Since most of the examples come from the center of the
Passage, those events are related to the lateral migrations of the
Polar Front in the form of meanders or detached rings and the up-
ward propagation seen in the figures could be evidence for tilting
of the Polar Front.

As an example of a well identified event contributing to the
eddy heat flux during DRAKE 79, the passing of a cold-core cyclonic
ring over the NT mooring in early 1979 was examined. This ring has
been documented elsewhere (Peterson et al., 1981). In essence, the ving

resulted from rapid growth of a large meander at the Polar Front
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which then pinched off and migrated northeastward. By the end of

the cruise the ring seemed to be moving through the Subantarctic
Front. Using temperature data from the thermisfor chains on mooring
NT, it was possible to obtain a temperature time series at a constant
depth, eliminating spurious temperature variations caused by mooring
blow-over. Thus, a good estimate of the heat flux due to this event
was obtained.

Time series for eddy heat flux for the uppermost meter at
mooring NT are shown in Fig. 15. The record-length average depth of
the meter was 647 m. Figures 15a and 15b show, respectively, the
heat flux calculated from the original uncorrected records and from
the original velocity records together with the time series of T at
647 m constructed from thermistor chain data. Also shown are time
series of heat flux for that portion of the record after the ring
had passed the mooring. Figure 15¢ was obtained from uncorrected
records for which the mean depth was 628 m. Figure 15d was obtained
using a temperature time series constructed from thermistor chain
data at 628 m.

Table 4 presents some results from the detailed analysis of
temperature and eddy heat fluxes for the four cases shown in Fig. 15.
The percentages of the total record-length in which the fluctuation
temperature T' is negative and the eddy heat flux v'T' is poleward
are also given. Removing the blow-over from original time series

(Figs. 15a and 15¢} produces the expected effect, i.e., the mean
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Table 4. Results from analysis of temperature and
eddy heat flux for the uppermost meter at NT
mooring shown in Fig. 6. T and Q are the
record-length mean temperature and eddy heat
flux for each case. T' is fluctuation
temperature,

Figure T Q_ % of days % of days
(°c)  (km™2) when T'<0  when V'T'<0

152 4.26 ~96.1 35 64

15b 4.27 -67.7 38 59

15¢ 4.35 -31.8 47 62

15d 4,37 ~16.2 49 55
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temperature T is slightly increased. As a consequence, the per-
centage of days in which the eddy heat flux is poleward is decreased.
These changes, though small, produce reductions in the mean record-
length eddy heat flux of 30% and 49% for the cases with and without
the ring. Removing the ring produces an even greater reduction in
poleward eddy heat flux. The original poleward flux of 96.1 ka‘Z
is reduced 65% to 31.8 kWm™2 in the uncorrected records. In the
corrected records, this ring accounts for 76% of the total mean

eddy heat flux in just 24% of the total record length.

The effect of this ring is also seen in the time required
for the cumulative flux to approach the mean values. The time
series containing the effects of the ring (Figs. 15a, 15b) must be
averaged over five months before the mean is attained while series

without the ring approach the mean after only two months.

During 1979, in the northern Drake Passage the time variations
of temperature and velocity do not appear to have been greatly
affected by frontal shifts of long duration (Fig. 6). In Figs. 16
and 17 are shown time series of v, T and Q; from 949 m at NT and
810 m at ML1. These illustrate records in which the fluctuations
are dominated by mesoscale events--perhaps rings as discussed by
Bryden (1981) or perhaps quasi-periodic wave moticns and eddies
produced by bottom-current interaction in that area (Klinck, 1981).

These records show poleward heat flux.
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SUMMARY AND CONCLUSIONS

Heat balance estimates indicate that the ocean must transfer
heat towards the poles to supply heat lost to the atmosphere at
high latitudes. Eddy heat flux, which is a turbulent transfer of
heat due to correlated fluctuations of temperature and speed, is
suspected to be an important mechanism for the oceanic heat trans-
port. In this study the meridional eddy heat flux due to low-
frequency motions in the Antarctic Circumpolar Current has been
examined.

Eddy heat flux measurements are point calculations representing
temperature and velocity fluctuations at a fixed instrument location,
and extrapolation of point measurements to regions must be done with
caution. An attempt has been made to preserve more carefully
the point nature of the calculations by removing those temperature
fluctuations which are due to vertical excursions of the instruments
as the moorings blow over during pericds of large currents. For
one mooring, NT, which was heavily instrumented with thermistor
chains above and below the uppermost current meter, it was possible
to construct a time series of temperature at a fixed depth. It was
found that the eddy heat flux using this corrected time series was
30% less than that calculated from the temperature time series
which included vertical excursions. It. was concluded that the
contamination of temperature measurements by blow-over could

seriously bias heat flux estimates from the "soft" moorings used
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in the ISOS experiments. The temperature records from other
instruments which also had pressure records were corrected using
historical vertical temperaturé gradients to remove the effects of
blow-over. Although there are errors associated with the method, it
is believed that the resulting heat flux estimates are more repre~
sentative of the actual values than could be provided by uncorrected
measurements. It is also believed that the eddy heat flux estimates
in this study are more accurate than those from previous calculations
in Drake Passage which have not included corrections for mooring
blow-over.

This investigation has also shown that, even though the time
series of temperature and velocity are corrected for mooring
motions or other sources of bias, care must be taken in constructing
and interpreting eddy heat flux means. The character of the time
series which constitute the calculations must be evaluated to
insure that long-term trends in the data do not result in violations
of our assumptions about the time scales being considered. Not
only mu;t we filter high frequency fluctuations from the records,
but we must remove fluctuations at periods Tonger than those we
consider appropriate for estimates of Tow frequency turbulence. It
has been shown that an annual signal in temperature and velocity at
several centfal Passage moorings resulted in spurious estimates
of equatorward heat flux and over-estimates of poleward heat flux

at several moorings. Such annual signals are not unique to the



77

DRAKE 79 measurements, and previous ISOS eddy heat flux estimates
are doubtless influenced to some extent by long-period temperature
and velocity signals.

Sciremammano (1980) noticed the large contribution of discrete
events to the eddy heat flux calculations at Drake Passage. The
present study also finds that for most records, more than 50% of the
total heat flux is associated with discrete events whicﬁ occur in
time periods less than 20% of the total record length. Our-instru-
mental sampling of Drake Passage has neither the resolution nor
coverage necessary to determine whether there are preferred sites
for discrete events such as frontal meanders or rings. The large
contribution by events to the eddy heat flux may mean that our
measurements are more influenced by factors that control meandering
and ring transiation (e.g., local bathymetry) than by the circum-
polar requirement that heat be transported poleward by the ocean.

With the preceding cautions in mind, we may review the
current results with those of previous investigators. The average
eddy heat flux for the six deep recorders on the Main Line is
4.8 kWm 2 poleward. This value incorporates the temperature cor-
rection for blow-over, but not an adjustment to remove the effects
of the annual temperature signal for centré'l Passage moorings.

Were the effect of the frontal shift removed, the mean would rot be
much affected.. The effects of long-term frontal shifts on heat
flux means from very deep recorders is less than from the upper

recorders. Moreover, we have seen that for the upper meters on ML6
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and ML7 compensating for the frontal motion reduces both equatorward
and poleward heat fluxes which would tend to preserve the mean value.
The heat flux of 4.8 kkm=2 is in good agreement with a similar
estimate by Bryden (1979) for 1975 data of 6.7 kWm-2,

A subset of the 1979 data from the central Passage can be com-
pared to the estimate of Sciremammano (1980). His value of 17 kWm™2
is much larger than our estimate of 2.2 kWm~2. Although part of the
difference can be attributed to our cérrection for blow-over, most
of the discrepancy is likely due to inter-annual variability in the
position of the Polar Front.

In spiie_of the uncertainties involved in eddy heat flux measure-
ments and the influence of long period shifts in frontal locations and
individual events, it is believed that the estimate of about § kWm™2
is reasonably accurate, at least for the deep waters of Drake Passage.
We are not confident, however, that this estimate can be extrapolated
to be representative of the entire Circumpolar Current. The large
range of values in the central Passage region illustrates the spatial
variability of heat flux estimates and their dependence on external

factors.
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APPENDIX
Time Series of Eddy Heat Fluxes from DRAKE 79 Data

For all Tong-term records collected during DRAKE 79, time
series of eddy heat flux values are presented in this Appendix.
In the field, the 1nstrumeﬁts sampled temperature and velocity every
hour. Low-passed records were obtained by applying a cosine-Lanezos
filter with a half-power point at 40 h and vesampling the filtered
data at 6-h intervals. Atime series of daily values of temperature
(T) and northward component of velocity (v) were obtained by
averaging the low-passed, 6-h records. Finally,daily average
values of fluctuation temperature (T') and fluctuation northward
velocity component (v') were computed relative to record-length

means:

T=T-T,

vt

i
<
'

=

where T and V are record-length means of T and v.
Values of northward eddy heat flux for the ith day (Q;) were

computed using
Q4= T,

where p and Cp are the mean density and specific heat at constant
pressure of seawater, respectively. The cumulative mean of the eddy
heat flux as a function of time was computed, at each time t = mat,

using
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m
oCpmt v (jat)T' (jat),
i=1

where v'(jat) and T'(jat) are fluctuation northward velocity compo-
nent and temperature at time jat, At is the time step equal one
day, j is an index of days beginning with the first day of the
record and m is the record day for which cumulative heat flux is
calculated.

In Figs. A.1 through A.22 are shown plots of time series of
Q; and cumulative heat flux for DRAKE 79 moored instruments from the

Main Line (ML) array and the Mapping and Statistics (MS) array.
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Fig. A.9. Daily average, meridional eddy heat flux for the instrument located at 610 m
average depth on mooring ML8. Heavy line is cumulative eddy heat flux.
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Daily average, meridional eddy heat flux for the instrument located at 2590 m
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average depth on mooring MS2. Heavy line is cumulative eddy heat flux.
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