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Properties of Thermal Staircases oft the Northeast Coast of South America.
Spring and Fall 1985

JaNic

D. Boyp

Plivsical Ocemography Brancdi, Naval Ocean Rescarch amd Development Activiey, Stennis Space Center. Mississippi

A

tn sprng and Lall 19SSl expendable bathy thermograph surveys ot a large arca oft the northeast
voast of South Ymerica revealed an eatensive ticld of sabthermoctine thermal staircases which is
probably the site of vigorous salt hingering. During both seasons (he staircases were shallowest in the
south CI8O-366 my and deepest i the northwest <420-630 m). accurring on the ayerage between the 87
and 13 Cotherms. Typicallyv . cach starcase consisted of 10 well-mined lavers with average thichness
of 1o mand aserage interlaver temperature chunge of 0.52 U Thicker Livers seemed to be associated
with furger temperature changes. No scasoral varatton in these parameters was observed. The
mtertaces separating the Livers had o modad thickness of 2 my with intertaces in the spring tending to
be thiner than m the tall. The region bounded by 10 <14 N 32 Z37'W tended 1o have stdrcases with
more hvers. thacker Boverss nd Broer nterluser temperature changes. The sharp northeastern
starrcase ficld boundary occurs at the contluence of the Subtropical Underwater and the Antarctic
Intermediate Water, suggesting that the starcases nuay be formed in this region and then extend south

and west to torm the rest ol the field.

INTRODUCTION

Fhe Canibbean Sheets and Lavers Transects (C-SALT)
progrim was conducted off the northeast coast of South
Americaom spring and Gdl 1985 [ Schmire, 1987) as a multi-
scale myvestigation of the extensive thermohaline staircases
that are a common feature of the subthermocline in the
region | Delnore and Metlueh. 1972 Mazeika. 1974 Perkin
and Sawnders. V9820 Zhwrbas and Ozmidov, 1983 Bruce et
al 1984 Bovd and Perkins. 1987]. The staircase phenome-
non is characterized by a vertical temperature, salinity, and
density structure in which 5- 10 30-m-thick well-mixed con-
secutive lavers are separated by several-meter-thick inter-
fuces across which temperature. salinity . and density change
rapidiy = Double diffusion of the salt-fingering form is com-
monly thought to be the causative mechanism, with the salt
fingers presumed to lic within the high-gradient interfaces.

1t is hypothesized thut such staircases. which have also
been observed under the Mediterrancan Outflow [e.g.. F/-
liottr ¢t al.. 1974].in the Tyrerhenian Sca [e.g.. Jolannessen
and Lee. 1974]0 and in the northwest Caribbean [Lambert
and Sturges. 1977]0 represent sites of double-diffusively
enhanced verticad mining between relatively warm. salty
water ibove the staircases and cooler. fresher water below,
In this region oft South America the warm. salty water is the
subsurface salinity maximum of the Subtropical Underwa-
ter. or SUW [Defant, 1961 | tterninology from Wuesr [1964])
centered around 100 m. and the cooler. fresher water is the
Antarctic Intermediate Water. or AAIW [Waest. 1978] (ter-
minology from Pickard and Emery [1982]) with its core at
about 750 m. Bovd and Perkins [1987] have summarized the
findings from 1969 through 1983, while Sclunitt et al. | 1987)
and other articles in the same issue of Deep-Sea Rescearch

give an overview of the 1985 C-SALT project and some of

the initial results.
As part of C-SALT. two large-arca air expendable
bathythermograph (AXBT) surveys were conducted during
Fhis paper s not subject 1o U8, copyright. Published in 1989 hy
the Amernican Geophysical Union,

Paper number 8OICODSST7,

both of the 1985 spring and tall ficld phases o investigate the
extent and characteristios of the staircase ficld and 1o deter-
mine the mesoscale flow patterns. This paper presents
findings on the horizontal and vertical extent of the stair-
cases during C-SALT. their statistical properties. and their
relationship with the mesoscale flow.

Data ACQUISTTION AND PROCESSING

A survey of the historical reports of staircases in this arca
showed that the most likely region in which to tind the
thermohaline layering was S—18'N, 46 -60°'W. a region
covering nearly 1.2 < 10" km” (Figure 1), The large extent
over which the features might be found meant that the only
feasible way of obtaining complete synoptic coverage was
with lurge-arca aireraft surveys. The flights covered a region
1900 km by 1400 km in extent and were designed to include
the historical composite region plus o generous margin
(Figure 1. Because of an aireraft mechanical problem. the
first phase of the work took place over two periods in spring
1985, including 2 weeks in late March and | week in early
Muay. The second phase occurred during the main C-SALT
ficld operations in October 1985, Both shallow (nominally
305 m) and deep tnominally 760 m) AXBTs were dropped
between S5 and LI km apart to provide a grid of subsurface
temperature data to a maximum depth of nearly 800 m. The
navigation cquipment included a Litton 72 inertial navigation
system and a Litton 211 VLF/OMEGA system. with an
accuracy of 1=2 n. mi (1.8-3.7 km). The drop positions are
considered accurate to 1.5 times the navigational accuracy.
about 3 n.mior 8.5 km.

The data were collected using a microcomputer based data
collection system at a resolution of 15 (fall) to 20 (spring) cm.
The so-called spatial resolution of the AXBT (time constant
times fall rate) is comparable, about 15 ¢cm. (The vertical
resolution for the air-deployed probe is better than for the
shipboard XB'T because the AXBT probe has a blunter nose
than the shipboard version and the fall rate is slower,
approximately 1.5 m s ') Editing of the data involved
discarding beginning and ending transients, lincar interpola-
tion across regions of noise from radio frequency interfer-
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ence. apphcation of improved temperature and depth con-
version equations [Bovd. 1986, 1987], and filtering and
decimation of the data at 0.5-m (statistical analysis) and 2-m
(mesoscale anadysisg intervals, The individual profiles are
accurate to about 0.2°C in temperature and S m in depth
[Bovd. 1986, 1987], although the precision is perhaps an
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order of magnitude better (since individual protiles generaliy
were maccurate by a constant offset, especially i tempera-
ture and over large ranges in depthy. One hundred cighty -
four deep and 35 shallow profiles were obtained irom the
spring flights, and 260 deep and 45 shallow profiles were
obtinned from the full. Complete detanls on the data acqgui-
sition and processing are given by Bovd [ 1986].

The mesoscale flow was estimated from maps of dynamic
height anomaly referenced to 700 dbar. Although tempera-
ture-sahinity ¢7-5) relationships i the arca are usually quite
tight. the region is one of retatively strong horizontal salinity
gradients. To account for this to some extent, the 8 square
historical potential temperature—salinity ((-5) relationships
from Emery and Dewar [ 1982] were used to assign sahinities
to temperature values and then dynamic height anomalies,
and geostrophic currents were estimated relative to 700
dbar, the deepest reference level for which a sutficiently
large number of AXBT profiles existed (pressure was esli-
mated from depth using the method of Sawnders {1981, The
flow ficld findings. however, are quite insensitive to salinity
variations. since virtually identical conclusions were
reached by examining depths of isotherms and by using a
mean -5 curve.

Risur s

Location of Staircases

Examples of typical temperature profiles from the region
are shown in Figure 2. They may be classified into three
categories: strongly developed staircases (five or more well-
mixed layers greater than S mon thickness), weak staircases
(one Lo four well-mixed layers). or no staircases. While
subjective, the classification scheme is guite robust. Only &
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Fig. 2.

Oflset temperature profiles illustrating strongly developed staircases (43), weakly developed staircascs (58)

and a profile from the region showing no staircases (18). The points taken as the beginning (1) and ending (:2) depths

ol the staircases are indicated.
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few profiles from cach period might be considered equivocal,
and changing their classifications would not change the
conclusions. In addition. usually the depths at which the
statrcases began (21 and ended (22) were well defined to
within 10 m or less (Figure 2).

The resultant pictures of the extent of the spring and fall
staircase ficlds (Figure 3y are somewhat difterent, but both
ficlds clearly feli largely within the historical composite
region. However. rather extensive arcas of weak lavering
occurred cast of the compaosite region boundary between 8
and 12°N during both time periods. Within this latitudinal
range. the composite location boundary probably should be
revised to extend somewhat farther 1o the cast than s
indicated in Figures 1 and 3.

In spring 1985, the main body of the step field extended
northwestward from 7' N. 49 W to at least 16 N.60.5'W, the
westward limit of the flights. By and large the strongly
developed steps tell within a very well defined arca. and no
“holes™ (regions with no staircases) were observed within
this arca with the aircraft data. although data from the
concurrent ship operations showed occasional small
“holes™ (R, Schmitt, personal communication, 1985), Weak
but identifiable steps occurred outside portions of the bound-
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ary ol the strongly developed steps. especially to the north-
cust and southwest. The transition from no thermal steps to
strongly developed steps was very abrupt at the central
northern and southeastern boundaries. The well-developed
Livers covered an area of some 0.5 - 10" km”. with weaker
staircases occurrimg over an additionat 0.43 10° km”.

By full the ficld was constricted between 48 and 54 W o
he between 8 and 12 Noand then extended farther west and
north than in the spring. Again the strongly developed steps
tell predominantly within o well-detined arca. although some
Choles™ and weak steps were found among the otherwise
well developed starcases. Scfunitr ¢ ol [1987] found that
lavers could. at umes. be traced unambiguoushy through
imbedded regions of no or poorly developed staircases.,
Regions of weaker steps extended out to the northeast and
southeast and to the northwest and southwest. The transe-
tion from no steps to stronghy developed steps along most of
the northern boundary was again abrupt. The mam statrcase
ticld covered about 0.6 -+ 10" k', and less well developed
Ly ers included another 0,41 1" km,

The depth of occurrence of the staircases showed a strong
egeographical dependency (Figure 4) which follows the re-
gional depth trend of the isotherms. Statrcases in the south-
cast corner were the shallowest, especiadly in the spring.
lving on the average between ibout 180 and 360 m. The ficld
deepened 1o the northwest to roughly 420010 630 m. Wide
variations in beginning and ending depths occurred. even
between stations only 60 or so Kilometers apart. Overall.
staircase depths depended more on latitude than on fongi-
tude. Two-dimensional lincar regressions indicated that the
beginning depth of the staircases increased (o the north at a
rate of 25,0 uand 29.4 m per degree of Jattude in the spring
and tall. respectuvelv, but inereased to the cast at a rate of
only 2.9 and 0.2 m per degree of longitude. The termination
depth of the steps increased northward at a rate of 32.6 and
39.5 m per degree of latitude but increased westward at only
1.8 and 3.4 m per degree of longitude.

Staircase Statistics

Detatled analysis of the spring and fall profiles allowed
construction of relative frequency distributions for a number
of important statistical properties of the staircases (Figures
S—14y. Kolmogorov-Smirnov tests of the various distribu-
tions showed most 1o be statistically identical tat a signifi-
cance level of «  0.05)in both the spring and fall, the sole
exception being the frequency distribution of interface thick-
nesses. With that one exception, the data are presented as
pooled distributions. None of the distributions were found to
be Gaussian when tested with a Lillictors test at o = 0,08,
The horizontal coherency of some layers noted above im-
plies that a certaun unknown percentage of the observations
used in calculating the following statistical properties are not
independent. However, the extensive geographic arca over
which the observations were drawn and the large number of
observations (and hence degrees of freedom) for the statis-
tical calculations. ranging from 110 10 Y46, means that the
findings are unlikely to be much aftected by lack of indepen-
dence of some of the observations. This topic is addressed
further in the last section.

The staircases tended to begin at about 13°C (mean of
12,9, standard deviation of 1.2°C) and to end at about & or
9'C (mean of 8.6, standard deviation of 0.96°C) (Figure ).
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This implies that the bulk of the staircase field lay between
the 26.8 and 27,1 isopycenals. il the 6-5 relatonship for region
4 of Emery and Dewar [1982] is used to estimate salinities.
The distributions are positively skewed and are feptokurtic
ti.e.. relatively peaked in the center, compared with o
Gaussian distribution).
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developed staircases ta) began and (h) ended.

The most frequently observed number of well-mixed lay-
ers in a staircase wias 9 or 10, with T1=12 and 7-8 also being
common (Figure 6). The average number was 9.6 + 2.9, The
distribution is well described by a Poisson distribution with
a mean of about 10 layers per profile (verified using a
Kolmogorov-Smirnov test with « = 0.05). The largest num-
ber of layers per profile tended to occur between 10°-14°N,
S2-57"'W. which will be referred to as the core of the
staircase region (Figure 7).

The frequency distribution Tor the thicknesses of the
well-mixed layers tended to be bimodal (Figure 8). One
common range of sizes was about 2-6 m and another was
perhaps 1419 mo although the larger steps were broadly
distributed over a wide range of sizes. The mean layer size
wis 16.0 + 9.5 m, and the largest layer encountered tin the
fall) was 48 m thick. The distribution was strongly non-
Gaussian and was positively skewed and platykurtic (i.c.,
relatively flat, compared with o Gaussian  distribution).
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The reiative frequency distribution for interface thick-
nesses was the one distribution not statistically identical in
the spring and (all (Figure 1) For both the pooled and the
seasonal distributions, however. the most common interface
thickness was about 2 m (175« 225 m). The mean
thichness for the pooled dati was 5.1 0 45 m (4.2 © 3.0m
tor spring and 5.6 ¢ 3.2 for fall). However. from compiling
these data it was clear that most interfaces thicker than
several meters had interior structures within them which
suggested the presence ol unresolved smaller scale layers
and interfaces. Therefore the mode is probably more repre-
sentative of the typical interface thickness than the mean.
(Bovd and Perhins V1987, Greeg and Sanford [1987]. and
Marmoring et al. [1987]) made simitar observations ot inter-
nal interfacial structure). No particular relationship between
interface thickness and Latitude or longitude was observed.
The differences between the spring and fall distributions
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seemed to hie in the smalter percentage of thinner interfaces
(2.5-5 m) and the larger percentage of thick intertaces (10,28
m and larger) in the fall.

The most common temperature change across the inter-
fuces was about 0.4°C, with a mean of 0,527 £ 0.25°C (Figure
1. The frequency distribution was positively skewed and
leptokurtic. Actual values ranged from 0.0 (or less) up to
1.5°C. A weak tendencey existed for the larger temperature
changes to lic within the core region (Figure 12). Larger
temperattioe chenges appear to be associated with thicker
interfaces (Figure 13): however, the relationship may be
spurious. As mentioned carlier. many thick interfaces had
interior features that. with better resolution. probably would
have been tabulated as multiple layers and intertaces.

The tendency for larger temperature changes to be corre-
lated with larger mean layer sizes (Figure 14) is less equiv-
ocal than the refationship with the interface thicknesses
because less ambiguity existed in measuring layer sizes. Up
to about 0.8 or 0.9°C. larger temperature changes are
associated with larger step sizes. Laboratory experiments
suggest that larger temperature changes across interfaces
correlate with larger vertical heat and salt fluxes [Sclumitt,
1979h: McDougall and Tavlor. 1984], although the evidence
is complicated by differences between the open ocean and
laboratory situations [Bovd and Perkins. 1987]. However, if
true even to some extent. the larger step sizes associated
with dic core of the staircase region, 10°-14 N, S2°-57°W,
suggest a regional maximum in vertical fluxes there.

RELATIONSHIP TO THE MESOSCALE Frow
The mesoscale flow was investigated at three crucial
levels: at the fevel of the <alinity maximum of the Subtrop-
ical Underwater, at the staircase level, and near the level of
the salinity minimum of the Antarctic Intermediate Water.




N30N Boy i T ks

30

- a BOTH

20

F REQUENCY

C

RELATIV
=

0 12 3 4 5 6 7 8 9 10
INTERFACE THICKNESS (m)

[ETOR T}

STAIRCASES NORTHE AN o

NO PH NN REC A N JURS

34
30
25 b
20
15

10

SPRING

]

G 12745678 910nN
INTERFAGE THICKNESS (m)
35

0

2 c FALL

RELATIVE FREQUENCY .

1" 15

10 _— !
RRRRERSAURENNSN]
234567 891N
INTERFACE THICKNESS (m)

Prstribunions tor the thichnesses of the mtertaces separatimg the wetb-mised Lisers: (i pooled spring and fall

datec thr sprimg doea, and o fall data,

Fhe fow frelds were approvamated usig dy namie topogya-
phy maps trelative 1o 700 dbary at 100 dbie. 300 dbar. and 600
dhar, yespectively thigures 15 and 1o). The wlerred current
patterns are robust, depending hittle on assumed sabimity
values and bemng supported by conclusions drawn from
examinmg depth of isotherm plots,

Fhe 100-dbar Tevel, near the core of the Subtropical
Underwater corresponds to the mam thermocline. which in
the region has ats strongest gradients between about 80 and
200 m. Phe cuerents an this depth vange are better known
Closer o the coast of South Amertca. Quite near the coast is
the subsurliace part ol the northwestward flowing North
Briazil Carrent iNBC)Y. Portions of the NBC loop back to the
castin the subsurtace sections of the Amazon and Demerara
anticsclones [ Metcalt and Stalcup . 1967 Coclrane. 1973
Coclrane et al. V9790 Brace and Kerling. 1984]. Only the
more northerly eddy . the Demerara Anticyclone, falls within
the C-SALT arca. and a part of it can be seen outlined by the
70 dyvn cm contour in Figure 16, The eddy was not obsenved
m sprmg dEigire TS nor was there any sign of the NBC in
cither scason, although the aircralt studies may wot have
entended close enough to the coast to see the NBC.

Fhe thermochne current reginee asvay from the coast s
less well known, Coclrane [19735] Cochirane er al. [1979].
and Broce and Kerling [1984] all show evidence in this depth
range of the southern portion of the westward flowing North
Egiratorial Carrent looping around back to the cast near Y N,
46 W 1o join the castward flowing North Equatorial Coun-
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Fig 11 Distnbution tor A1 the temperatine change across the

interfaces between the well-mived lavers,

tevewrrent i what Coclirante P1975) called the " Main Coun-
tercurrent Trough. ™ A strong. westward-shifted version ol
this loop is outlined by the 72 (spring. Figure 15) and then by
the 68 diall. Figure 160 dyn cm contours in the ligures.
North and west of 20 NOJ4S W the salimity: mavimum off
the Subtropical Underwater enters the arca from the north-
cast. penetrating south to perhaps 15 N [Defant. 1981, and
then flowing south and west through the passages of the
Lesser Antilles [Waesr, 1964]) and north and west as the
Antilles Current to the north of the slands [Wurest, 1964
Defane, 1981]. The spring and full pictures of the thermocline
flon (Figures 15 and 16) contirm this view. The Subtropical
Underwaicr enters the arca from north of 14 N. passes
through the region, and exats cither through the Lesser
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Antilles or heads more northwest as part of the Antilles
Current. South of 14 N the low comes more trom the cast or
sottheast tfrom the North Fquatorial Careent. with o sub-
stantial portion ol the flow entering the North Equatonial
Current Loop and returning to the cast. The spring regime
has o larger southerly component than the tall regime.
Very little information exists on the currents in the depth
range of the starcases. about 200-300 m (the subthermo-
chined. Hydrographic studies have shown. however. that
North Atlantic Central Water hies north of about 18 N South
Atluntic Central Water lies south of 10 N, and transitional
waters fill the intervening region [Broccher and Ostlund.
1979]. 1he latitude range of the best developed staircases.
From Figures IS and 16 it appears that the flow entering from
the cast separates around 14 N into i« northerly component
coming tfrom the north-northeast and a southerly component
from the cast-southeast. One could conclude from these data
that the maun starcase field is associated somewhat more
with the waters from the cast-southeast which might be
evpected o have a greater adminture of South Atlantic
Central Water. but if true. the significance of this is unclear.
The final low regime. between about 500 and 1000 m. is
that with the Antarctic Intermediate Water.
Wiuest J1978] called it the Subantarctic Intermediate Current
(SAIC) He desenibed the Jocal salinity minimum of this
How. the Antarctic Intermediate Water itself, as moving
northwest parallel to the coast and not far off the continental
slope up to around 60°W, at which point he tentatively
identiticd secondary branches breaking oft from the main
flow. The main flow he thought continued on north and west
of the Lesser Antilles. with another significant component
heading through the islands into the Caribbean and still
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Fig. 4. Size of Al. the temperature change across the inter-
faces between the well-mixed lavers, as a function of mean laver
thickness (average of the layer above and the layer below the
interface).

lesser branches heading off to the north-northeast [Wuest,
1964, 1978]. Aside from his work. little else is known about
these current patterns.

The 9 dyn ecm contour in the 600/700 dynamic topography
maps of Figures 15 and 16 lies in the center of a well-
demarcated flow regime which may be identified as the
Subantarctic Intermediate Current. Most of the flow appears
to pass into the Caribbean through the southern Lesser
Antilles. with this trend being more marked in the spring. A
very similar impression is given from examinations of depth
contours of the 5° and 6°C isotherms (not shown). and it is
not felt that the proximity of the 700-dbar reference level
leads o crroncous conclusions.

If these interpretations of the flow fields from Figures 1§
and 16 are accepted. then on may conclude that the stair-
cases arise at and shortly after the confluence (at different
depths, admittedly) of the Subtropical Underwater and the
Subantarctic Intermediate Current. The northern and east-
ern boundary of the field (between S0° and S5°W) was very
sharp. consistent with the hypothesis that the staircases
arise only when the superposition of these two water masses
produces the suitable vertical salinity and temperature gra-
dients that give rise to vigorous salt fingering and the
creation of the large-scale staircases.

Because of the proximity of the reference level to the
600-dbar level of the third panels in Figures 15 and 16, it
might be argued that only in the broadest sense do the
contours approximate streamlines, and details of the differ-
ences between the two time periods should be ignored.
Nevertheless., these differences are supported by the pat-
terns deduced from depths of the 5° and 6°C isotherms, and
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s not unrceasonable to assert that changes in the path ot the
Subantarctic Intermedhate Current appear to correlate with
changes in the shape of the staircase ield. The most notice-
able change s the northward extension of the ficld in fatl. In
spring. most of the SALC remained south of 14 N exeept for
a northward protrusion around S5 W0 The main stirciases
Ly south of T4 N except tor northward protrusions between
S5 oand ST WO which corresponded very nicely to the posi-
tion of the SATC In the fall the staircase field wias shifted
northward. especially between S5 and S8 W perhaps owing
to the general nwre northward 1endency of the SAIC in the
full or perhaps vepresenting an evolution ot the northward
protrusion of the ekd v this longitade range that was seen 6
months carher,

SUMMARY AND DIsc U ssion

Ihe thermohaline staircases in this portion of the north-
wost tropreal Adantic extnbit o remarkable temporal and
spatial persistence. Bnospring and fadl 1985 they oceurred in
essentially the same position as during the preceding 16
I'hey mn connected tield ol well-
developed Tavers with weaker, fess well defined lavers to the
northeast and southeast. Layer temperatures and salinities
tended to change somewhat horzontally [ Sclumitt et al.,
1987). so the AXRBT spacing of S5-110 km was not close

Vears. oceurred one

cnough for unambiguous tracing of individual layers. How-
cver, other observations showed that some of the favers
persisted tor at least 8 months between the spring and fall
C-SALT ficld opevations [ Sc/umine er al .. 1987], and. in fall,
some ol them extended the full wadth of the main staircase
ficld, o distance of some 800 km (H. Perkins, unpublished
data, 1985),

Detailed statistical analysis of the well-developed steps
showed distunct latitude-longitude relationships. preferred
laver and mterface thicknesses, and preterred temperature
changes across the mterfaces. The staircases were shallow-
estin the southeast (180-360 m) and deepestin the northwest
(420-650 m). Preferred sizes of the lavers were 2-6 m and
14-19 m. whife the preferred size of the separating interfaces
wis 2 m.although the velative frequency distributions were
not strongly peaked. The preferred temperature change
across an interface was about 0.4 C. but again the distribu-
ton was fairly broad. These properties are virtuaily identical
with those from carlier reports summarized by Bovd and
Perking [1987]. No statistical differences between the spring
and fall frequency distributions were noted except that in
full. tewer relatively thin and more relatively thick interfaces
were lound.

‘The core of the staircase region (the arca of largest number
of layers, thickest layers. and largest temperature changes
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between ivers) Ly at 10 4 N 52 237 W None of the
relative frequency distributions were Caussian, and with the
exeeption of the disteibution for laver thicknesses. they were
poesttively skewed and leptokurtic,

Some lavers hine been reported 1o be spatiably coherent
over extensive distances. This s perbaps at odds with the
finding that the number of Lovers in o starcase Tollowed o
Poisson distribution. The Poisson typically ocears when the
number of observations at one point is independent of the
nmber at any other pomnt. That the nomber of knvers at one
station is independent of the number at other stations
suggests very htde spadial cohereney. Tt may bel however.
that onfy o hmated number of the central layers i the
staircases were actually continuous and that Tvers abosve
and below were coherent over only short distances: this s
notinconsistent with the tindigs of Schmirs eral. [1987]. On
the other hand. it may also be that the long coherency cates
were unique to the imited shipboar® survey area, which Iy
withimn the core region, and that the Tavers do noe generatly
tend to he coherent over scales of 35411 kmoor greater
throughout the large-scale stepped region as a whole. Some
evidence supports this, In 19820 Ziurbas and Ozndidov
FION3] were able to trace Evers over only some 35 kmonear
TONCSEW and in 1983, Bovd and Perkins [I987] saw no
cvidence of kver coherency between two stations 124 km
apartlocated at 1O NS Wand 1007 NOS23 W Fmally, the
number of layers at adjacent stations may indeed be non-
independent. with the Taers bemng gencrated by some un-
known process with an underlying Poisson distribution.

To account 1o some extent for the substantial horizontal
safinity gradients in the number of location-
dependent historical potential temperiture-salinity relation-
ships were used 1o assign salinity to the temperature values,
and the mesoscale flow fickd was estimated from dyvnamic
hetght anomalies caleulated relative to 700 dbar. A correla-
tion between the Now field and the Jocation of the stairciases
was seen which supported the contention that the staircases
are created at the confluence of the Subtropical Underwater
and the Antarctic Intermediate Water, presumably as a
result of double diffusive vertical mixing.

What evidence supports the contention that salt fingering
is ivolved in the creation and maimtenance ot the stair-
cases? Fist, the layering appears at the confluence ot a
warm, salty water mass flowing over a cooler, fresher one.
Second. the temperature and salinity gradients in the area
are such that an important parameter, the density ratio. falls
below acritical value, The density ratio is defined as o /388
(twhere aeand g are the coeflicients of thermal expansion and
saline contraction and 7 and S arc the vertical temyperature
and salinity gradients), and it governs salt finger growth rates
and the vigorousness of double diffusive convection
[Sclumitt. 19794, ). Thermohaline statrcase ~ have only been
observed for density ratios less than abou 1.8, and its value
in the C-SALT study arca is about 1.6 |Bovd and Perkins,
1987 Schmirr et al.. 1987). Schmiite et al. | 1987] show that
the vertical range of the staircases in a given profile always
coincides with o broad mmimum in density ratio. A low
value of the density ratio has been taken as both a require-
ment for the formation of the staircases and a substantiation
of the importance of vigorous salt finger activity for their
existence [ Sclomine, 1981, Third., C-SALT shadowgraph
pictures [Kunze et al., 1987] show near-horizontal striations
consistent with predictions by C. Shen’s tunpublished manu-
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saript, J9SK) numcrical model of salt fingers ma shear held
Fialls . Marmcring cr al . [YOST | report evadence of conved:
tive plumes within the well-mined lavers

However, tor a number of veasons the mechanism gener-
ating the occanic staircases cannot be o straghttorsard
extension of salt hingerning i the Liboratory, The scales of
both the convective Lavers and of the imerlaces i the ocean
are 2 orders of magnitude too farge [Bovd and Perkins . 1987].
Microstructure heat and buovaney fluy measurements made
durmg C-SALT were several orders of magmitude less than
what would be expected Trom laboratory flux experimenis
[ Locch. 1987 1987]. Nunze (1987
stggests this may be because the sadt fingers i the C-SALT
mierfaces were not the Lastest growth rate fingers which
appear W dommate laboratory experiments. The shadow -
graph pictures of Kunze of al. 11987 did not show the
vertical striations which would be characterisue of labora-
tory salt fingers. although such vertical striations have been

Grege and Sanford.

noted i staircases located below the Mediterranean Outflow
and i the Tyerheman Sca [ Willicons . 19750 And hnally . the
report K7 on horizontal wave
number spectra ol temperature microstructure within the
intertaces was more consistent with ncarly horizontal strue-
tures than with the approximuately vertical salt fingers which
ave observed in the faboratory.

Nevertheless, the evidence s strong that i some poorly
understood way the salt finger form ol double diffusive
convection is probably the magor factor in the formation and
maintenance of large-scale thermohaline starrcases such as
are persistently found in the northwest tropical Atlantic. No
other explanation has been proposed which incorporates the
circumstantial evidence. Unfortunately. no satisfactory the-
orctical framework yet exists to explain the many phenom-
cna documented during C-SALT. The data reported here
give a very good characterization of important features of
the staircases and should be valuable for testing theories of
staircase formation and maintenance when they become
available.
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