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ABSTRACT

We discuss the upper ocean mesoscale temperature variability field as sampled by XBT’s in the joint US-
USSR POLYMODE Synoptic Experiment during July 1977 to July 1978. There is a “background” persistent,
relatively weak and rather large-scale pattern of variability, of alternating warm and cold areas which prop-
agate nearly westward. For the background, very little point correlation between surface temperatures and
temperatures beneath the mixed layer is found, but sub-mixed-layer temperatures above and below the
“18°C water” show negative correlation. We also find a number of smaller scale, apparently discrete, features
which are somewhat more intense than the background. They exhibit little consistency in direction of
propagation, and pattern propagation, rather than pattern evolution, as generally observed. The time-average
depth field of the 15°C isotherm exhibits spatial variations comparable in magnitude to its pointwise standard
deviation values. Removing the mean by linear fits in latitude and/or longitude produces horizontal auto-
correlation functions substantially different from those based on removing the time-averaged field. The
statistics of the horizontal correlation are not satisfactorily determined by this data set.

1. Introduction

The spatial and temporal characteristics of the
mesoscale variability field of the ocean have been the
object of considerable research activity ever since vig-
orous mesoscale motions were found to exist in the
western North Atlantic (Crease, 1962). Among the
many scientific reasons for investigating the charac-
teristics of the mesoscale variability field are that the
time averaged “eddy” fluxes of heat, momentum
and/or vorticity may play a role in the dynamics of
the climatic ocean circulation in some regions (e.g.,
Harrison, 1980; Freeland e 4l., 1976) and that the
mesoscale characteristics must be well known in order
to design efficient sampling strategies for measuring
the large-scale, very low-frequency ocean circulation
(e.g., White and Bernstein, 1979).

More is known about the properties of the meso-
scale variability of the western North Atlantic than
of any other region of the world ocean. The U.S.S.R.
POLYGON experiment (Koshlyakov and Grachev,
1978) and the U.S.-U.K. MODE-1 EXPERIMENT
(MODE Group, 1978), together with the historical
data analysis they have prompted, have greatly in-
creased our knowledge of this part of the world ocean.
POLYMODE, a joint U.S.-U.S.S.R. mesoscale re-
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search program, was intended to build on this base
of information. The detailed POLYMODE program
objectives and field plan have been described else-
where (USPMOC, 1976) and research results funded
by the National Science Foundation through POLY-
MODE have been appearing since 1975.

This paper presents the U.S. perspective on one
part of the field program, the POLYMODE synoptic
expendable bathythermograph (XBT) program.

The plan was to sample a 4° by 6° region of the
western North Atlantic, with sufficient data density
in space and time to resolve MODE-1 type variability
(MODE Group, 1978), for a period of at least one
year. This area was to be sampled relatively uni-
formly, in order to examine the typicality of MODE-
1 results (which were based largely on three months
of surveys over a 100 km radius circular region) and
to provide larger scale information to supplement the
intensive, small-area, short-term Local Dynamics
Experiment (LDE), which was planned to occur late
in the Synoptic Experiment period. U.S.S.R. vessels
were to carry out the Synoptic Experiment region
XBT surveys, and these data would be supplemented
by the U.S. synoptic LDE XBT data and other fea-
ture-oriented surveys from U.S. vessels.

In 1976-77, the Synoptic Experiment region was
selected to be an octagon in the area 67-73°W by
26-32°N, and surveying was to commence in July
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1977 (McWilliams and Heinmiller 1978). The final
position of the LDE was not selected until after the
Soviet density, mooring and XBT work had begun
in the Synoptic Experiment area. After considerable
historical data analysis work had been carried out
(Dantzler, 1977; Kim and Rossby, 1979; Ebbesmeyer
and Taft, 1980), logistical constraints evaluated, and
two U.S. XBT surveys immediately north of the Syn-
optic Experiment region had been completed, the
center of the LDE region was selected to be 31°N,
69°30'W. Thus there was to be some overlap between
the final LDE region and the Synoptic Experiment
region (Fig. 1). The LDE was carried out in May-
June 1978. ‘

XBT sampling in the synoptic region was to in-
clude ten complete surveys of the area with horizontal
spacing of ~30 km between data points. A survey
every 40 days was planned, on the assumption that
maximum feature propagation speeds would be ~5
cm s~! and that the dominant temperature variability
would occur on scales greater than 70 km. Implicit
in the planning was that each survey would be com-
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FIG. 1. General location of the POLYMODE Synoptic Experi-
ment in the western North Atlantic. Heavy dashed line is the mean
Gulf Stream axis from Parker (1971).
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pleted over a nearly synoptic period of time (~15
days). These are roughly MODE-1 variability values
(MODE Group, 1978). With 30 km resolution, each
survey would require ~330 XBT probes, so that the
U.S.S.R. part of the program would require ~3300
probes, and the data distribution by 1° latitude-lon-
gitude square would be as indicated in Fig. 2a. The
octagonal Soviet synoptic XBT area is indicated.

The overall distribution of XBT data by 1° square
obtained at the conclusion of the field work is shown
in Fig. 2b, with U.S.S.R. observations and U.S. ob-
servation totals shown separately. The boundaries of
the Soviet synoptic area and of the U.S. LDE are
shown. The final data distribution does not depart
markedly in the Synoptic Experiment region from
that planned, except for a slight reduction in obser-
vations near the edges and increased density in the
central part of the synoptic region. The U.S. collected
data are concentrated in the LDE area (69-71°W,
30-32°N) and in two squares in the northeast (70-
72°W, 34-35°N). There is only a smattering of U.S.
data elsewhere, spread over the area 67-73°W, 29-
35°N.

As often happens in the field, the actual deploy-
ment of the XBTs did not go according to the original
plan. The actual spatial distribution within each 15-
day period, which is of more concern for mapping
efforts than the totals, is shown in Fig. 7 in Section
2. The goal of ten well-spaced and well-sampled

. “snapshots” of the synoptic experiment area was not

obtained. Particularly away from the center of the
region there is highly uneven coverage in space and
time. The scientific consequences of this will become
clear below. In Section 2 the results of our analyses
are presented: maps, phase propagation information
and statistics of various sorts. Section 3 summarizes
these results and compares them with the results of
previous work in this region, and offers some remarks
about the collection of the data set.

2. Results

With this data set, it is not possible to map satis-
factorily all regions for all periods. Howeyer, the re-
gion 68-72°W by 27-31°N can be mapped roughly
every two weeks from mid-July 1977 through early
October 1977, and larger area maps can be made for
mid-December 1977 and late February 1978. No
other substantial area was sufficiently sampled for
large-scale synoptic mapping. In this section our
maps of these areas and times are given. We then
present the time-mean fields and standard deviations
for the extended synoptic region. Finally, various cor-
relation statistics are presented.

a. Synoptic maps

Our maps are subjectively contoured with a “noise”™
level of about 0.5°C; that is to say, the contours sel-
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FIG. 2. (a) Planned distribution of XBTs; (b) actual distribution of U.S.
and U.S.S.R. XBTs.

dom depart from the data by more than 0.5°C.
(Points at which the departure between the contoured
field and individual data points is greater than 0.5°C
are indicated in the maps by X’s; other data points
are indicated with dots.) The 0.5°C criterion arises
by assuming that the nominal accuracy of an XBT
temperature is about 0.1°C (see Heinmiller et al.,
1983) and that the rms internal wave field amplitude
is ~0.2°C in the thermocline in this area (Briscoe,
personal communication, 1983). Further, we observe
large-scale, low-frequency temperature changes typ-
ically of about 0.01°C per day (0.02°C per day, max-
imum), or about 0.2°C (0.4°C maximum) over a 15-
day period in this data set. Taken together, these val-
ues suggest the 0.5°C noise level for maps in which
data were collected over a two-week period. Attempt-
ing to merge data collected over periods much larger
than 15 days leads to substantial aliasing problems,
and was rejected as unsatisfactory.

Each of us contoured every map independently
and the final maps were produced by consensus. As
in any subjective mapping effort, there are instances
in particular maps where contours could be closed
differently. Why have we not produced objective
maps of these data using optimum interpolation pro-
cedures, as was done by McWilliams (1976) for the
MODE data? In part the answer lies in the temper-
ament of the authors, but we believe also that it is
not clear how to choose a satisfactory correlation

function to map these data, and prefer not to conduct
an elaborate objective mapping effort using different
correlation functions. As will be discussed below, the
statistics of the data are spatially complex.

We first present July—October 1977 maps from the
synoptic region of sea surface temperature (7), tem-
perature at 100 m depth (7,40) and temperature at
600 m depth (Tsgp), to illustrate the typical time evo-
lution of this region. We then present maps from the
extended synoptic region of T, T and Tgg in De-
cember 1977 and February 1978. We conclude this
section with the best maps that we can draw of the
depth of the 15°C isotherm, throughout the entire
year of the Synoptic Experiment, in part to show why
we have concentrated our analysis efforts on the other
subsets of the data set.

Fig. 3 presents 7, maps for the period July-October
1977. These maps are quite featureless over the region
surveys. Typically, we find very modest temperature
changes over the roughly three-month period (about
1°C maximum change) and it is generally the large-
scale, late-summer behavior that one would expect
to see. There is little mesoscale structure in the maps,
or evidence of phase propagation.

Fig. 4 presents maps of 7)o, corresponding in
space and time to the T maps of Fig. 3. Tyis chosen
to characterize the variability of the water generally
below the mixed layer and above the 18°C water. The
T0o maps show substantially more mesoscale struc-
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F1G. 3. Maps of surface temperature for 15-day periods from 8 July to 5 October 1977.

ture than was found in the T, maps, with maximum
observed temperature gradients of ~2°C over about
50 km, and with typical gradients of about 1°C over
about 100 km. We seldom see closed isotherms, sug-
gesting that the amplitude of the mesoscale variability
is generally little more than 1°C. Although the pat-
terns do not always evolve smoothly from one two-
week period to the next, there is strong indication of
a westward component of phase propagation in sev-
eral of the maps. Unfortunately, the strongest signals
are observed near the edges of the mapped regions,
where their characteristics are more difficult to ob-
serve.

The behavior in the mapped area north of 29°N
is reasonably simple. A cool feature with minimum
temperature of ~19°C propagates into the region
from the east, is clearest in the 22 August-5 Septem-
ber map, and is gone by the time the 21 September—
5 October map was collected. The feature was typi-
cally about 250 km across, giving a horizontal “‘scale”
of about 100 km. However, the 21 September-5 Oc-

tober map shows a ridge-like or filamentous pattern
in this area, with a scale of perhaps 75 km east-west
and much larger north-south.

South of 29°N we first see cool water (7T in < 20°C)
in the west, warmer water in the center, and some-
what cooler water (Tr,;z < 21°C) in the east. By the
7-21 August map the entire area tends to be between
20 and 21°C. In the last two maps a significant warm
feature is appearing in the southeastern part of the
region. This feature has T, > 23.5° but littie else
can be said about it; we cannot track it after 5 October
for the most part. There are several smaller width
“blobs” in the 6-20 September map, but these scales
do not generally appear in the other maps. '

The July-October maps of Ty are shown in Fig.
5. There seems to be a relatively large-scale structure
of peak-to-peak scale of about 300 km and of peak-
to-peak amplitude of about 2°C which propagates
primarily westward throughout this period of time.
Latitude 29°N appears to be a sort of “nodal” line,
with temperatures close to 15°C throughout much
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FIG. 4. Maps of temperature at 100 m depth for 15-day periods from 8 July to 5 October 1977.

of the period. The pattern, based on what we can see
of it, consists of alternating high and low temperature
regions and is reminiscent of the pattern produced
by a pair of Rossby waves propagating at ~90° to
each other. . v

We now consider the two time periods that permit
mapping of the extended synoptic region, 5-19 De-
cember 1977 and 19 February-3 March 1978. Ap-
proximately two months have passed between the last
of the mapping periods discussed above and the first
period considered here; the continuity of the time
series has been broken. Before discussing the rela-
tionship between these fields and those shown above,
we consider what these maps show about the vertical
structure of the thermal variability.

The top panels of Fig. 6 show T, Tjgoand T for
5-19 December 1977, while the bottom panels show
the same quantities for 19 February-5 March 1978.
We consider the December period first. The T field
is dominated by two strong, small, cold (T i, < 12°C)
features around 70°W, 26.5°N and 72.5°W, 34.5°N,
and by a larger scale, warm (7., > 18°C) feature in

the northeast corner of the region. There is also weak
(T between 14 and 16°C) larger scale variability of
the sort observed during the earlier mapping periods.
In Ty there is less amplitude to the variability; the
warmest water observed is ~24°C and the coldest is
~20°C. At 70°W, 26.5°N there is a warm feature
(negatively correlated with the corresponding feature
in Tgo0) and at 71.5°W, 34°N there is a modest
strength cold feature (positively correlated with Tg).
There is a general tendency toward weak positive cor-
relation in the other weaker parts of the variability
field of T'goand Tggo. In T one finds the coldest water
in the extreme northwestern part of the region which
is consistent with the cold feature in T and Tego
there. But there is no evidence of T of the warm T'q
feature (cold T feature) in the extreme south. As
before, the dominant T signal is the seasonal merid-
ional temperature gradient.

We now examine Tgqo for 19 February-5 March
1978. There is evidence for two strong, cold (Tmin
< 13°C) small features: one at 71°W, 31.5°N and
one at 68.5°W, 34.5°N, and a larger warm (7T = 16°C)
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FIG. 5. Maps of temperature at 600 m depth for 15-day periods from 8 July to 5 October 1977.

band of water between 32 and 34°N. The small fea-
tures visually dominate the Tgoo map. In 7'jgo we find
no substantial signal to correspond with any of the
cold Ty features, but there is a tendency for warm
T\00 values in the northwest. The dominant Ty, fea-
tures are modest warm intrusions, one centered
around 70.5°W, 26.5°N and the other extending to-
ward the west-central part of the region from the
southwest. These latter features have no clear coun-
terparts in the T¢g data. The T, map for this period
indicates that the mixed layer depth is greater than
100 m over much of the region, since 7 and Tgare
often the same to within 0.2°C.

How do these results compare with the vertical
structure indicated in the maps from the July-Oc-
tober 1977 period? No strong “eyeball” pattern of
correlation emerges from a comparison with the ear-
lier maps, but generally T, bears little resemblance
to oo OF Te00, While the variability in T'g0 and Tgo0
tends to weakly anti-correlate. Thus, the T09/Ts00
vertical correlation in these maps tends to be similar
to that observed in the same region (latitudes south

of 30°N) of the first larger area map. Comparison
with the behavior found in the second larger area map
is not useful, as T and Ty are so similar in that map.
We shall return to the matter of vertical correlations
in the discussion below on statistics.

We now return to a comparison of the larger area
results with the July-October maps. The first question
is whether the propagating Tgp patterns from the
July-October maps are still found. There is a clear
suggestion of the pattern in the 5-19 December Tg
map (Fig. 6, top right) in the area south of 31°N, but
it does not stand out strongly because its amplitude
is so much less than those of the smaller, intense

features. In fact it can only be picked out in the earlier

maps because there is no strong feature in most of
these maps. The presence of strong small features in
Teoo in this same area in the February-March 1978
map again obscures the existence of the larger scale,
weaker pattern.

Clearly the biggest difference between the July-
October 1977 Teqo maps and these two later maps is
the presence of stronger smaller scale features in the
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FIG. 6. Maps of surface temperature, temperature at 100 m depth, and temperature at 600 m depth for the 15-day periods,
5-19 December 1977 and 19 February-5 March 1978.

later maps. The smaller features have up to three
times the amplitude of the July-October T pattern
and there is some suggestion that they propagate both
more rapidly and more irregularly than did the earlier
pattern. There is evidence to suggest that the southern
cold feature in the December 1977 map is the some-
what weaker and poorly sampled cool feature cen-

tered around 72°W, 30°N in the February-March
1978 map, which implies predominantly northward
feature propagation. The other strong features seem
to move predominantly westward. Superficially the
smaller features represent a rather different sort of
variability from the earlier pattern; certainly their
scales are substantially different. The year-long series
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F1G. 7. Maps of the depth of the 15°C isotherm for 15-day periods from 8 July 1977 to 16 August 1977.

of maps provides the best perspective on the different shown as Fig. 7. This figure vividly displays the lim-
sorts of variability in this region, and we consider itations of the coverage of the data set while providing
them now. a good overview of the types of variability observed

The best two-week maps of the depth of the 15°C  during the year of the Synoptic Experiment. The
isotherm that we can prepare for this data set are depth of the 15°C isotherm, hereafter Z,5, was se-
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FiG. 7. (Continued)

lected for these maps because it is a field in which the corresponds to the 0.5°C criterion used in the Tgg
mesoscale variability stands out very clearly and be- maps.

cause other researchers have chosen Z;5; and its sta- The evolution of Z,s over the period July-October
tistics for their analyses of this region. We have used 1977 is very much as described in the previous dis-
a contour interval of 50 m in these maps, asit roughly cussion of Tg. A relatively large-scale pattern of ad-
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jacent high and low depths (minimum depth ~500
m, maximum depth ~750 m) propagates roughly
westward through the Synoptic Experiment region.
The typical distance between the maximum and min-
imum values found in a given map (i.e., an estimated

“peak-to-peak” scale) is about 400 km. The clearest

pattern propagation is seen in the cold feature with
lowest depth (< 550 m) whose center is around 31°N,
68°W in the first July map, around 30.5°N, 69.5°W

.in the second map, and ~30.70°N, 71°W in the sec-
ond September map. There is evidence of modest
feature evolution as well as propagation in the warm
feature whose center is ~27.5°N, 70°W in the first
map and ~28.5°N, 72.5°N in the second Septem-
ber map.

There is very poor data coverage from October—
November 1977, and very little structure to the Z5
field as it was sampled. The only evidence of vari-
ability of more than 50 m is found at the edges of
the sampled areas, and the previous features cannot
be tracked.

Excellent spatial coverage is available for the first
December period, and a variety of features are ob-
served. Within the Synoptic Experiment region the
dominant feature is cold, of quite small scale (~ 100
km across) and at ~70°W at the extreme southern
edge of the region. The remainder of the Synoptic
Experiment region has Z|s values between 550 and
650 m. North of 32°N the variability is intense; there
is a very cold feature (Z,5s < 400 is found at 34°N,
72.5°W) west of a larger scale warm feature (Z,;s
> 850 m at 34.5°N, 68°W).

Unfortunately there is very little data over the next
month, and only the smaller scale southern cold fea-
ture can be tracked in the second December map and
the first January 1978 map. The feature is moving
northward and slightly westward with very little am-
plitude or scale change in these maps. No other fea-
tures are seen. ’

Over the next month the data coverage remains
poor; it is all north of the Synoptic Experiment region.
The cold feature is not observed in the second Jan-
uary 1978 map, and there is a poorly sampled very
warm feature around 34°N, 71°W (Z,5 > 850 m) that
is probably the strong warm feature that was poorly
sampled in the first December map. There are other
poorly sampled regions around the edges in this map.

The first February map has very poor sampling of
a small cold feature around 31.5°N, 70°W that may
be the cold feature remarked upon before if it has
continued its northward propagation while all the
other features have been moving westward. The
northern warm feature is now poorly sampled at the
western edge of the mapped region. The second Feb-
ruary map again offers data over a rather large area
but with substantial coverage gaps that make the field
awkward to contour. In the Synoptic Experiment re-
gion the field is basically all between 550 and 650 m
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again, except for two poorly resolved cold features
(around 30°N, 71.5°W and the other ~32°N,
70.5°W). The maximum signal is again north of the
Synoptic Experiment region.

It is very difficult to find anything useful to say
about the variability as sampled over the next 75 days,
because the data coverage changes so much from map
to map. A warm feature (Z;s as large as 700 m) is
found in the first March map at ~29.5°N, 71.5°W,
but is right in the most poorly sampled part of the
previous map. Further, it is not sampled in either of
the following two maps. There is evidence of a modest
amplitude warm feature at the eastern edge of the
Synoptic Experiment region (~29°N, 67°W) in the
two March maps, but there is no data coverage
around this area in the first April map. There is some
evidence for the feature having propagated westward
into the area (~29°N, 69°W) in the second April
map. In the first May map this warm feature is better
resolved and has maximum Z,5 values of >700 m,
with a maximum gradient of 700-550 m over
~70 km.

There is evidence of another warm feature, at
around 31°N, propagating WSW in the first April
through first June maps. It is, however, generally not

‘well sampled and its characteristics are poorly defined

except in the first June map. There it shows up as
having a maximum Z,s value of a little over 700 m
and an east-west scale of about 70 km.

The first June map shows a rather steady decrease
from ~700 m at 30°N, 71.5°W to ~525 m along
69.5°W and then an increase to ~650 m at 27°N,
68°W; a sort of return to the modest amplitude
“background” variability pattern seen dunng the first
months of the experiment.

The second June map has little but Local Dynam-
ics Experiment data, and shows a region of rather
uniform northwestward pointing gradient. The first
July 1978 map shows more curvature in and around
the LDE area and also suggests that the 650 m feature
in the southeast of the first June map has propagated
roughly westward in this interval.

b. Statistics

Fig. 8a presents the average depth of the 15°C iso-
therm over 1° squares in latitude and longitude for
this data set. The depth generally increases northward
from 26°N to 32°N, from a typical depth of ~570
to ~650 m, but the slope changes significantly from
longitude to longitude and is seldom well described
by a linear trend. In the eastern part of the synoptic
region there is a pool of water typically of depth
~580 m and a drop to ~650 m occurs between 31
and 33°N. In the western part of the synoptic region
there is a drop from ~565 to ~610 m at 29°N, an
area of ~620 m between 30 and 32°N, and then a
decrease to about 650 m at 33°N. North of 33°N the

!
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FI1G. 8. (a) Mean depth of the 15°C isotherm computed in 1° latitude-longitude squares, and
(b) standard deviation of the depth of the 15°C isotherm computed in 1° squares.

depth shallows, to ~580 m in the east and to less
than 400 m in the west. .
The standard deviation of Z,5 is shown in Fig. 8b.
Over the larger part of the synoptic region, the stan-
dard deviation is between 25 and 50 m; only three
values above 55 m are found. North of 33°N the
standard deviation increases, to ~75 m at 68°W and
to greater than 150 m at 73°W. The large values in
the northwest result from the fact that Gulf Stream
rings were present there during at least two of the
cruises that sampled this area and that values of

greater than 600 m were observed for much of the

remaining sampling. Many XBTs were expended in
the rings.

With standard deviation of 30-50 m over the syn-
optic region, the changes in mean depth are substan-
tial enough that they can significantly alias the sta-
tistics of the variability. A simple t-test error estimate
for 95% significance, assuming 5 degrees of freedom
in one year of data, gives ~0.9 times the standard
deviation for the error bar. Even with this very con-
servative error bar estimate, the mean depth is not
constant within 95% error bars. More discomfiting
is the fact that some of the small-scale structure of
Z,s is also marginally significant. Much of the small-
scale structure is significant if we assume that there
are 10 degrees of freedom in one year of data.

It is not as simple to describe our horizontal au-
tocorrelation statistics, because of the uncertainty of
how best to remove the time-averaged field. To il-
lustrate the problem of mean field removal, we shall

present statistics computed several different ways:
with a spatially constant mean removed; with the
meridionally varying linear least-squares fit mean re-
moved; and with individual 2° square means re-
moved. Fig. 9 presents the results of these calculations
for Tego. The correlation plotted at 10 km lag was
evaluated over lags between 0 and 20 km; that at 30
km for lags between 20 and 40 km, etc. The three
correlation functions are quite different. According
to the results obtained by removing the 2° square
means, the first zero crossing is between ~70 and

Autocorrelation Function for Tgqq
26-32N, 68~72 W July 1977-July 1978

4 = constant mean removed
O = linear trend (N-S) removed
o + = 2° square means removed
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F1G. 9. Autocorrelation function for the temperature at 600 m.
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~90 km, while the other results indicate first zero
crossings of more than 100 km. The 15-day Z,s maps
often show features with “diameters” of 100 km or
so; apparently these discrete features contribute very
strongly to the correlation function sums when the
spatially varying mean field is removed locally; oth-
erwise the larger scale structure in the mean field gives
a larger zero crossing and higher correlation at small
lags.

Because the spatial structure found in the mean
Teoo field is significant at 95%, if the data set has as
few as 10 degrees of freedom, we feel that the auto-
correlation function obtained by removing the 2°
square means is to be preferred to those which use
more spatially smooth mean fields. However, it is
clear that more data are required before issues like
this can be resolved satisfactorily.

The vertical correlation coeflicients for tempera-
tures at different depths were first computed over 2°
squares, removing the 2° square mean value at each
depth, for longitudes 68, 70 and 72°W, and the period
July 1977 to July 1978. Results from these calcula-
tions are presented in Table 1. The strongest result
is the very high positive correlation between T,0and
Ts00; over each 2° square area the correlation coef-
ficient exceeds 0.8. SST and T, are also positively
correlated over each area, but the magnitude is some-
what smaller (generally >0.6). No other systematic
vertical correlation is found; values very close to zero
or of opposite sign are found in each of the other
correlations presented in Table 1. In particular, the
tendency for Troand Ty to be negatively correlated
in the individual maps of the previous section is not

confirmed by these correlation coefficients. The rather-

strong positive SST/ T, correlation simply reflects the
fact that the mixed layer depth is often greater than
50 m during these observations. Below the mixed
layer SST is no longer well correlated with temper-
ature at the sampled depths. The 18°C water, which

TABLE 1. Vertical correlation statistics July 1977-July 1978.

SST/Ts SST/Ti00 SST/Teno

Latitude Latitude Latitude
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Longi-

tude 26°.N 30°N  34°N  26°N  30°N  34°N  26°N  30°N  34°N

60°W  0.69 0.77 1.00 0.27 0.39 099 0.29 0.19 0.58
70°W 027 057 063 -037 —-001 0.15 035 -041 —0.16

72°W 0.67 0.67 068 -0.34 -—001 -004 039 0.12 —0.62
T30/ Tao Too/ Teoo
Latitude Latitude

Longi-

tude  26°N  30°N  34°N  26°N  30°N  34°N

68°W 051 068 050 0.82 0.86 0.86
70°W  —0.66 0.55 081 0.95 0.87 0.96
72°W 002 001 093 0.88 0.89 0.96
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is often more than 100 m thick, apparently is the
cause of the limited correlation between 7549, Which
is generally warmer than 19°C, and Ty and T,
both of which are generally colder than 17°C.

¢. Feature motion/phase propagation

In order to supplement the simpie visual tracking
of features in the various maps, we prepared “phase
propagation” or Hovmoller diagrams. These are of
rather limited utility over most of the synoptic region,
because of the “gappiness” of the data. However, at
the center of the region there are sufficient data to
contour with reasonable reliability.

Fig. 10 is a plot of Z;5 between 67 and 73°W and
29.5 and 30.5°N for July 1977 to July 1978. All of
the contours correspond to a depth of 600 m. A typ-
ical averaged speed is ~5 km day ' westward, and
is indicated with the dashed line, but it is clear that
the westward speed is quite variable in time, when
measured by this type of display. Other east-west
propagation plots tend to be consistent with Fig. 10,
but are much more difficult to contour because of the
lack of data.

No systematic pattern of north-south phase prop-
agation was found. However, individual features do
occasionally move northward (Section 2a) at least
over the few glimpses provided by the data set.

3. Summary and discussion -

The POLYMODE XBT program produced a data
set with better spatial coverage over a larger area than
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FiG. 10. East-west phase propagation diagram
for the XBT data set.
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any heretofore available and provides a very inter-
esting look at the types of mesoscale variability ob-
served during the Synoptic Experiment time periods.

The space/time coverage was degraded by a com-
bination of factors. For the first six months (the sec-
ond half of calendar 1977), the surveys were carried
out approximately two and one-half times as fre-
quently as the agreed-upon 40 days. This had the
effect of leaving fewer XBTs for the later surveys.
Also, many XBTs were used in extended lines and
“feature chasing.” The situation was further compli-
cated by cruise delays, which had the effect of dis-
rupting what had been planned in some cases as two-
or three-ship surveys. In all 4779 XBT probes were
delivered by the United States to Soviet vessels. Over-
all, 4087 XBTs were collected by U.S.S.R. vessels.
(The number of probes delivered was higher due to
the usual bad probes, test drops, etc.) Of these, 3805
were taken in the region 26-32°N, 67-73°W between
July 1977 and July 1978, exceeding the minimum
number specified in the original joint agreement.

It should also be noted that in the course of dis-
cussions over the XBT planning the Soviet side had
indicated that there would be two gaps in their ship-
time coverage. They suggested that the United States
find shiptime to fill those gaps. This was done, but
later planning for the U.S. LDE required pre-exper-
iment surveys for site selection. The U.S. shiptime
was used to provide pre-LDE surveys to the north.
The two major gaps in the Soviet temporal coverage
might have been filled by the data collected by the
United States except that the U.S. surveys were pri-
marily collected in a separate region. Because of this,
the choice of location for the LDE had the effect of
leaving uncovered gaps in the U.S.S.R. synoptic cov-
erage.

We are able to contour maps over most of the
synoptic region every 15 days for July, August and

September 1977, and over the extended region (up

to 35°N) for the first 15-day period of December and
the second period of February 1978. Otherwise the
mapping is fragmentary because of data gaps. Many
of the gaps are of sufficiently large spatial or temporal
scale that the flow, when data coverage is next avail-
able, bears little resemblance to its previous pattern
in the region or to a simple translation of the previous
pattern. This results more from the long gaps in cov-
erage than to the internal dynamics of the flow; we
do not observe strong evolution of the flow pattern
during the period in which it is well mapped. Simple
feature propagation is the dominant form of pattern
change (Section 2a).

Averaged over the entire data set we find that sur-
face temperature is rarely well correlated with tem-
peratures below the mixed layer, that Ty and Ty
are strongly positively correlated, and that correlation
across the 18°C water (T, With T4g) is close to zero.
Instantaneously, the T/ Tsgo correlation is almost
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always observed to be positive, but the 7590/ 749 COT-
relation tends to be negative in the larger scale, weak
“background” variability, and positive in the stron-
ger, smaller scale features. During the LDE, positive
Ta00/ Taoo correlation is generally found. Negative
T 00/ Taoo correlation is difficult to reconcile with the
conventional notion that the vertical structure of the
mesoscale variability is adequately described by a

. barotropic plus first baroclinic mode.

The horizontal structure of the fields is not so easily
summarized. The time-mean depth of the 15°C iso-
therm and its standard deviation show significant spa-
tial structure over the analysis region. Even with
rather conservative error bar estimates, the spatial
structure in the mean field is marginally significant
at the 95% level. Overall, these results are similar to
those obtained by Ebbesmeyer and Taft (1980) from
their historical data analysis of this general area. With
their most heavily edited data, they find a general
increase of Zs northward, from ~640 m at 34°N;
the standard deviation also increases northward from
~30 m at 26°N to ~55 m at 34°N. Without the
heavy editing, the purpose of which was largely to
eliminate observations that were not independent,
they find a significant decrease in Z,s and an increase
in its standard deviation north of 30°N. Our data are,
of course, unedited.

Because the mean field structure is comparable in
magnitude to the amplitude of the mesoscale vari-
ability with the Synoptic region, how one removes
the mean very strongly affects the characteristics of
the autocorrelation function. In Section 2b we have
shown that first zero crossings between 70 and sig-
nificantly more than 100 km result in the autocor-
relation function of Ty, depending upon how the
mean field is removed. We believe that the data set
is not adequate to provide reliable statistics of this
type. Attempts to map these data using “optimum
interpolation” procedures will be affected by the need
to assume a specific form for the spatial correlation
function.

The horizontal patterns observed in Z;5 and Ty
fields exhibit a considerable range of behavior. Within
the Synoptic Experiment region there is a nearly ubig-
uitous background field that shows a structure of
roughly alternating warm and cold features which
propagate westward at a few centimeters per second
(<10) and have a typical distance from high to low
of ~300-400 km. The amplitude of this variability
is about 2°C peak-to-peak and 29°N is roughly a
“nodal line,” having very small signal. However, a
number of smaller scale (width ~ 100 km) and larger
amplitude features are also observed. These typically
exhibit gradients of ~1° across 50 km and are poorly
resolved by the 40 km spatial resolution of this data
set. These features exhibit markedly different prop-
agation characteristics from those of the background
variability. Of the features that could be tracked, one
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