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ABSTRACT

There is often an approximately linear relationship between various water-column integrals, in particular
between surface dynamic height anomaly AD and acoustic round-trip travel time 7. Consequently, the record
from an inverted echo sounder, which measures 7, can be interpreted in terms of AD. Nevertheless, the slope
m of this linear relation is not everywhere well defined, and varies from place to place. This study seeks to
establish where, in the extratropical North Atlantic, one can reasonably assume a linear relation between AD
and 7, and for these regions compute m. Using climatological atlas data and historic hydrographic data, it is
shown that a well-defined, linear relation exists between AD and 7 in a region centered on the Gulf Stream and
extending from the northern Sargasso Sea almost to Ireland. Where m is well defined, it is negative, and its
value is usually similar to that associated with first-baroclinic-mode excitation. Its magnitude generally decreases
with increasing latitude. The value of m typically ranges from —40 dyn m s~! in the northern Sargasso Sea to
—20 dyn ms™' in the North Atlantic Current. In the Guif Stream it is typically between —30 and —35

dynms™'.

1. Introduction

The inverted echo sounder (IES) is a bottom-moored
instrument that measures and records the round-trip
travel time 7 of an acoustic pulse, from the seafloor to
the sea surface. It was first proposed by Rossby (1969)
as a means of monitoring depth variations of the main
thermocline, and thus variations in the position of the
Gulf Stream. Later, Watts and Rossby (1977) showed
how 7 variations measured beneath the Gulf Stream
can also be interpreted, through linear relations, as
variations in dynamic height anomaly AD and heat
content Q. Such interpretations for AD have been car-
ried out by several investigators in various regions of
the Atlantic (Katz 1987; Hallock 1987) and the Pacific
(Miller et al. 1985; Maul et al. 1988; Chiswell et al.
1986, 1987; Chiswell et al. 1988; Wimbush et al. 1990).
In these studies, the slope of the linear relationship is
invariably negative, but its magnitude varies from one
region to another.

Determining the slope of the linear relation between
7 and AD requires supporting information about the
sound speed and density profiles in the area where the
IES is to be deployed. This determination can be ac-
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complished by taking repeated hydrographic casts dur-
ing the IES deployment or (more commonly ) by using
historic profiles from the region of interest. The goal
of this study is to extend the latter method by using
profiles from a climatological atlas, in addition to his-
torical data, to determine where one can reliably as-
sume

AD’ = mt’ (1)
(using a prime to indicate fluctuation about the mean),
and for these regions compute the value of m. A similar
study of the correlation of 7 with @ in the North At-
lantic is described in Trivers (1992). No actual IES
data are used in the work described here. This inves-
tigation is limited to the North Atlantic region between
the parallels 20° and 70°N, and the meridians 10° and
80°W (Fig. 1).

As noted before, Rossby (1969) first proposed and
tested the IES as an instrument to monitor changes in
the depth of the main thermocline. Using historic data,
he found that the linear slope between computed 7 and
the depth of the 10°C and 12°C isotherms was —22.2
and —20.9 m ms™!, respectively. From MODE (Mid-
Ocean Dynamics Experiment) data, Watts and Rossby
(1977) calculated m in the western Sargasso Sea; their
results are summarized in Table 1. Hallock (1987) in-
vestigated the variation of m in several regions: south-
eastern Norwegian Sea, eastern Gulf Stream, and
western Sargasso Sea. His results are summarized in
Table 2.
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FIG. 1. Area of study showing bottom depth in meters (cross in-
dicates 8-yr mean position, 1982-89, of the Gulf Stream north wall
digitized from satellite infrared images; from personal communication
with Dr. Tong Lee, University of Rhode Island).

2. Method

From profiles of temperature T and salinity S, pro-
files of density p and sound velocity ¢ were computed
using the equations.given in Millero et al. (1980) and
Chen and Millero (1977), respectively. Dynamic height
anomaly AD, and sound round-trip travel time r were
then calculated using the following relations:

1

ST NS T @
0= oas7p,— A350p (3)
p
AD, ), = 103J; édp (4)
4 dp
— 4 ——
To,p 2 X 10 o pgc . (5)

These relations employ SI units throughout, except AD
is in dynamic meters and pressure p is in decibars,
Gravity g is a function of latitude ¢ and pressure p,
given in Fofonoff and Millard (1983).

Linear regression of AD, , with 7 , then gave slope
my (subscript / for linear) and intercept a for several
values of bottom pressure p (500, 1000, 2000, 3000,
and 4000 db). For each p, least-squares best-fit line
AD,, error estimate E,p, signal-to-noise ratio SNR, and
- uncertainty in linear slope ¢,, were computed as fol-
lows:
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E
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a' e
™ N'2ms(r')’

where N is the number of data points used in the fitting,
and E,p is an unbiased error estimate. In addition, we
calculated the correlation coefficient r,, of AD with 7.
The parameters SNR and r,, are useful in determining
whether or not a specific area is suitable for IES deter-
mination of AD’.

Hydrographic profiles from a region (e.g., a 5°
square) are used in determining m, in this way. The
implicit assumption here is that temporal variations at
a fixed point in the region are mimicked by spatial
variations. One way to check this assumption is to
compare the m, values computed from a 5° square

. with those computed from hydrographic profiles taken

at different times within a smaller region (e.g., a 1°
square). By this method, Trivers (1992) showed that,
in areas of strong AD-7 correlation, the characteristics
of AD and r temporal variations are well represented
by their spatial variations.

This spatiotemporal correspondence problem can
be bypassed by assuming dynamic height and acoustic
travel time changes are due to the first baroclinic mode
(Watts and Rossby 1977) or to disturbances resembling
this mode. This is accomplished by computing the ver-
tical displacement profile of the first baroclinic mode
at each location then, using a small amplitude of this
mode, exciting the temperature and salinity fields to
compute AD’and 7’ and, hence, a first-baroclinic “m,.”
Since AD and 7 are both water-column integrals, it is
reasonable to expect that they will be predominantly
affected by first-mode disturbances, and in any case
the first mode is generally more energetic than higher-
order modes.

3. Data sources and analysis

Two sources of data were used in this study. The
first is the Climatological Atlas of the World Ocean
(CAWO), summarized by Levitus (1982). The CAWO
consists of annual and seasonal averaged datasets on
a 1° latitude-longitude grid for the World Ocean. In
this study, we have used only the so-called annual av-

TABLE 1. Watts and Rossby (1977) results.

m EA D
Location Range (dyn m s7%) (dyn m)
Sargasso Sea AD 500-1500 db -23.0 0.005

7 0-5400 m
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eraged dataset, which is henceforth referred to as the
CAWO set. The second source of data is a historic set
of 2322 casts taken from 1954 to 1964. The quality of
this dataset has been checked by Dr. M. McCartney.
it is referred to as the “‘historic” set. The spatial dis-
tribution of casts is shown in Fig. 2.

Since there is spatiotemporal variation in the historic
set, whereas the CAWO set has spatial variation only,
we do not expect a priori that »; values from the two
datasets will be the same.

The CAWO vrofiles are functions of depth. Depth
(—z) was converted to pressure, by iterating the hy-
drostatic pressure equation:

0
p(z) = 10“‘J; gn(S, T, p)dz, (10)

using g = 9.8 m s~ and numerically setting p (db)
= —z (m) on the right-hand side for the first iteration.
The reason for using a fixed g here is that the data on
which the CAWO profiles were based had been pre-
viously converted from pressure to depth using a fixed
g. If Fofonoff and Millard’s (1983) g(¢, p) is used
instead, the computed pressure drop across the Gulf
Stream at a fixed depth of 3000 m is three times larger
than the expected 1 db. See Trivers (1992, appendix
D) for further discussion of the effect of g representation
on computed pressure and ;.

For the purpose of computing my;, all stations were
binned into 5° World Meteorology Organization
(WMG) squares (Fig. 3). For a given deep-pressure
limit p, only those squares were used thai contained
at least five profiles extending through pressure p. We
chose p = 300C db as the principal deep-pressure limit
for the integrals used in the analysis. This square size
and pressure level were chosen to give a suitable num-
ber of stations, in a square as small as possible, at a
pressure as close as possible to a typical bottom pres-
sure. A pressure of 4000 db is closer to the average
bottom pressure of the Atlantic (3990 db), but signif-
icantly fewer stations extend to pressures as high as
4000 db, especially in the historic dataset. Ten-degree
squares would obviously increase the number of sta-
tions within a square, but each square would cover
such a large area that (judging from Fig. 6) it might
be unwise to assume m constant within a square.

Despite the fact that the first-baroclinic-mode
method returns an m, at each location, we principally
locked at the m; mean and standard deviation (o)
within each WMO 5° square. in each 5° bin, only those

TIVERS AND WIMBUSH

1311

-80° -75° -70° - -50° -45° -40° -35° -30° -25° -20° -15" -10° X
70° = 2 g s 70
65" § 65°

o * .
A .
60 TR T LY
o Ty,
+ + * g
+ +
+ H K R EATE R L A
. W,
55° W KA 55
M+w¢m{+o + t"* e ++§§,:, PR
y E
O v .
LN - T, .
50° EA Y S tswf] 50
o 2 .‘?+ . : + ‘4*‘
G e L
d e ’** HE++ErEe et
45°§ p, Bl oW 45
Y *?3 RO
", .
8 LY AT .
a0 DAY e 40
rdF -
+ }*;’+6‘:¢§“+H0+%H¢1+40++++
35° .1 H35
L N e
M g
30 M P H 30
*, * <o £
PN v

+ +
I R T T T A T T TR R ARSI ST
+ +

* + Yoy
©820°

45" -40" -35° -30° -25° 20

15" 10°

80" -75° -70° 65 -60° 55 -50"
FIG. 2. Historic dataset cast locations.

profiles (CAWO or historic) that extend beyond the
pressure limit p and that have m, values between 0 and
—150 dyn m s™! are used in this study (see Trivers
1992).

In contouring the 5° bin data, the “center of mass”
of the locations of profiles used within the bin was taken
as the x, y location of the bin. We spline interpolated
the 5° square parameters to an evenly spaced 1° X 1°
grid and contoured the resulting evenly spaced grids
for SNR, r,,, and m,.

Finally, we investigated the sensitivity of the com-
puted m; values to the choice of deep-pressure limit.

4. Results

Figures 4-7 summarize the 5°, 3000-db results. Fig-
ure 4 lists the parameters rms(AD’) and E,p. Contour
plots of the parameters designated in section 3 are
shown in Figs. 5 and 6. Figure 7 gives first-baroclinic-
mode results. Additional parameters and other deep-
pressure limits are represented in figures given by Triv-
ers (1992).

Section 4a describes the 3000-db plots and compares
the CAWO and historic plots for each parameter. Prior

TABLE 2. Hallock (1987) results.

Pressure range m=x oy, E.p
Location (db) (dyn m s7') T (dyn m)
Southeastern Norwegian Sea 20-1000 —-17.0 £ 0.1 —-0.998 0.0036
Eastern Gulf Stream 3-3000 -31.3x0.7 —-0.986 0.0670
Western Sargasso Sea 12-1950 —38.9 + 1.6 -0.976 0.0129
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to looking at the variation of 7, one needs to establish
the region in which AD is closely linearly related with
7. This is accomplished by examining the correlation
and error statistics, r,, and SNR; m, is then examined
in the region of strong correlation. Strong correlation
is here taken to be r,, < —0.9, and in the contour plots
of m, (Fig. 6), this region, for the corresponding cor-
relation coefficient, is shown as an unshaded region.
Section 4b gives the results of »; calculations for dif-
ferent deep-pressure limits. Section 4c presents the re-
sults of m, calculations.

a. Plots of 0-3000-db integrations
1) SNR

The CAWO and historic SNR contour plots (Fig.
5) are similar. In particular, SNR is greater than 4 dB
in a broad tongue encompassing the Gulf Stream, and
this 4-dB contour has roughly the same shape and same
position in both plots. In addition, the SNR > 4 dB
region corresponds roughly to the r,,, < —0.9 region for
both the CAWO and historic data (Fig. 6).

2) rms(AD’) AND E,p

Figure 4 is a plot of rms(AD’) and Eap for the
CAWO and historic datasets. In both datasets,
rms(AD’) is largest in the Gulf Stream, and the stan-
dard deviation of log;o[ rms( AD’)]is roughly twice the
standard deviation of log,o(Esp). This demonstrates
that variations in SNR are principally due to variations
in signal, rms(AD’), rather than noise, E,p.
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3) Im

The CAWO and historic contour plots of r,,, rep-
resented as levels of shading in Fig. 6, are similar. Both
show strong negative correlation (7, < —0.9) in a broad
tongue extending eastward from the American conti-
nent and curling toward the north. This region encom-
passes the Gulf Stream and the North Atlantic Current.
South of about 30°N in both plots, the correlations
deteriorate, becoming especially weak in the case of
the CAWO r,,. Both plots also show correlation weak-
ening significantly north of 45°N in the west.

4) m

Figures 6a and 6b are also contour plots of m; derived
from the CAWO and historic datasets. The two plots
show broad similarities. The m, has largest magnitude
(m; < —40 dyn m s™') in the northern Sargasso Sea.
In the Gulf Stream region, 7, is approximately —30 to
—35dyn m s~ west of 65°W. In both the Gulf Stream
region east of 65°W and the North Atlantic Current
region, my is approximately —25 to —30 dyn m s,
Where the correlation is weaker (shaded area, r,,
> —0.9), the CAWO and historic plots disagree, con-
firming that the m, values are unreliable.

b. Varying the pressure integration interval

Table 3 shows the variation of m; with the deep-
pressure limit p to which the integrations are carried.
Results are given for two different 5° squares in regions
of strong correlation, one in the Gulf Stream (WMO
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FIG. 4. The rms (AD’) and E,, for CAWO and historic dataseis
(see key); 0-3000-db, 5° bins.
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F1G. 5. Contour plot of SNR, 0-3000-db, 5° bins, for (a) CAWO and (b) historic datasets. Contour interval 2 dB.

number 73063) and the other in the North Atlantic
Current (WMO number 74043 ). The magnitude of my,
decreases slightly (less than 20%, typically 3%) as the
pressure is reduced from 4000 to 1000 db.

Similarly Hallock (1987) found very little difference
in Guif Stream my; as the deep-pressure limit was
changed from 3000 to 5000 db. Trivers (1992, appen-
dix H) shows the geographical variation of 1, for other
deep-pressure limits.

¢. First-baroclinic-mode m, and ratio m;/m,

Figure 7 shows mean m, and m,/m, values for the
5° squares in the region, computed from the CAWO
and historic datasets. The magnitude of m, is every-
where greater than 30. It is smallest east of 45°W at
about 45°N, and grows in magnitude to the north, west,
and south. The ratio m,/m, has a largest value of 1.7,
it has a value close to unity in the region of the Gulf
Stream and North Atlantic Current.

5. Discussion

In this secticn, the following questions are addressed.
Do the CAWOQ and historic m,’s compare favorably?
Does m; computed here compare favorably with pre-
vious determinations? Why is the correlation of AD
with 7 weak in some regions? How does m; compare
with m,? What causes regional variations in m? Section
Sa discusses the similarities between the CAWO and
historic results. Section 5b is a comparison with my,
values from previous work. Section 5¢ discusses causes
of weak correlation. Section 5d compares linear-
regression and first-baroclinic-mode results for m. Sec-

tion 5e is an investigation of the variation of m in re-
gions of good correlation.

a. Comparison of CAWO and historic my’s

Both the CAWQO and historic correlations are
strong in a region surrounding the Gulf Stream and
its extension, the North Atlantic Current; in this re-
gion the m, values derived from the two datasets are
similar (Fig. 6). Presumably, this is because temporal
variations are predominantly due to the meanderings
of the spatial structures associated with these major
currents. Eddies may also contribute to variations in
the historic data, but being derived from these cur-
rents are associated with similar m; values. Since their
effects are largely averaged out in the CAWO dataset,
these eddies probably account for the somewhat
larger area of strong correlation for the historic da-
taset.

b. Comparison of my results to previous work

Hallock (1987) obtained »;, = —31.3 x 0.7
dyn m s™! (Table 2) for Gulf Stream locations encom-
passed within the WMO 5° squares 73054, 73063, and
73064. In these squares, for m, * g,, the CAWO data
give —40.8 + 0.5, —38.0 £ 0.6, and —35.0 = 0.8
dyn m s, respectively; the historic data give —34.2
+ 1.4, -32.9 + 0.6, and —34.2 + 0.7 dyn m s~!, re-
spectively. All these my values are significantly larger
than Hallock’s value, but the historic »1, values are
only slightly larger.

Hallock (1987) also obtained my; = —38.9 + 1.6
dyn m s™! (Table 2) for a Sargasso Sea location in
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correlation (—0.9 < r,, < —0.8). Darker shaded region has poor correlation (—0.8 < r,,) or is a region of no data (contours absent).

WMO square 73071. In this square, the 0-2000-db
(closest to Hallock’s pressure range) CAWO data give
m; = —41.9 + 2.8 dyn m s~! and the historic data give
m; = —31.0 £ 8.6 dyn m s™! (Trivers 1992). Taking
into account their error ranges, both of these m; esti-
mates are mutually consistent with Hallock’s.
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FI1G. 7. Slope m, (upper number) and n,/ m, (lower number), 0-3000-db, 5° bins, for (a) CAWO and (b) historic datasets.
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TABLE 3. Comparison of m; (dyn m s™') for different pressure
ranges (integrating from zero to “deep pressure”).
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TABLE 4. Meddy-influenced m determined by integrating from 0-
to 1750-db profiles taken inside and outside the meddy located near
36°N, 9°20'W, 17 September 1988. Here, 6 represents the value inside

Square 73063 Square 74043 the meddy minus the value outside. The m; and 7, represent,
Deep pressure respectively, the first-baroclinic response of the background (i.e.,
(db) CAWO Historic CAWO Historic  outside the meddy) and of the meddy itself.
500 -384 -31.8 —-224 —14.7 or 8AD my m m
1000 -37.8 =323 —24.0 —20.3 (s) (dynm) (dynms') (dynms™') (dynms™)
2000 -373 =327 —24.7 -20.4
3000 ~38.0 -329 -25.9 -20.8 —0.0036 0.028 -7.8 -78 -96
4000 -39.1 -33.2 —28.8 -21.1

500-km region. Perhaps this is a consequence of small
spatial variation associated with the relatively flat dy-
namic topography at the site, which is near the gyre
center. In any case, Watts and Rossby’s result indicates
that an IES can sometimes be successfully used to de-
termine AD even in regions of weak r,, determined
from geographically distributed data, that is, shaded
regions of Fig, 6.

In the next section, the correspondence of spatial
and temporal variabilities is considered in more detail.

¢. Causes of weak correlations

An important reason for weak correlations in the
south, east, and north is the small variance of the signals
there (Fig. 4), resulting in the small (<4 dB) SNR
{Fig. 5). The correlations are weak because the SNR
is low.

Another possible explanation for the weak correla-
tions (7,, > —0.9) and small-magnitude #,’s south of
30°N and east of 25°W (Fig. 6) is the variable influence
of high-salinity, high-temperature water originating in
the Mediterranean Sea. To test this hypothesis, we
computed the m resulting from dynamic height change
associated with the passage of a Mediterranean eddy
(meddy). The m; value associated with the meddy has
small magnitude, because sound speed ¢ is mainly
controlled by water temperature and thus 7 is signifi-
cantly decreased by the warm meddy water. But the
high salinity of that water largely compensates the
temperature effect on density, so AD changes only
slightly. Thus, there is a large difference between my;
for the meddy signal and »;—whether computed in-
side or outside the meddy—for the first baroclinic mode
(Table 4). The weak r,, correlations in this region could
arise from the combination of Mediterranean water
and first-baroclinic-mode signals.

Anomalous m, values can also result from variable
inputs of low-salinity water, and this was observed
south of Newfoundland (Trivers 1992).

d. Correspondence of my with m;

Figure 7 shows values of m, and the ratio m;/m, for
the two datasets.

Values of m;/m, between 0.8 and 1.2 are found in
a region that generally corresponds to the region of

strong AD-r correlation (7,, < —0.9) in Fig. 6. At first
sight, m;/m; ~ 1 suggests variability in this region is
predominantly due to first-baroclinic-mode motions.
But the strong-correlation region is an area of strong
currents (Gulf Stream and North Atlantic Current),
and it is presumably meandering of these currents that
is the principal source of variability. This meandering
results in vertical movements of the thermocline, re-
sembling those of first-baroclinic-mode disturbances;
hence m, and m, are approximately equal in the region.

An exception to the general correspondence of the
my/m, ~ 1 and r,, < —0.9 regions is the slope water
region north of the Gulf Stream, where correlation r,,
is strong but m,;/m; ~ 0.4. Perhaps this is because
thermocline depth variations relative to mean ther-
mocline depth are assumed small in computing m,,
but are often not small in this region.

e. Spatial variation of m

The general trend of m;, where it is well defined, is
a decrease in magnitude to the north (Fig. 6). This is
principally a result of the decrease in temperature of
the water above the thermocline. Figure 8 shows m as
a function of temperature for a homogenous ocean
layer 1000 m thick whose temperature is changed

-30

m (dyn m s)

6 7 8 9 10 1 12 13 14 15

Temperature (°C)

FI1G. 8. Slope m as a function of temperature, computed—from
the equations of Millero et al. (1980) and Chen and Millero (1977)—
for 1000-m water column of uniform salinity (35 psu) and uniform
temperature, by imposing a 0.01°C temperature change.
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slightly. It shows a steady decrease in magnitude of m
as the mean water-column temperature decreases. A
typical depth-weighted average Sargasso Sea temper-
ature for 0-1000 m is 12°C, while a typical average
North Atlantic Current temperature is 7°C. Using this
simple model, the associated m values would be —70
and —45 dyn m s, respectively. Going from the Sar-
gasso Sea to the North Atlantic Current, this change
in m of 25 dyn m s™! is slightly larger than the observed
change of 20 dyn m s™!,

The decrease in magnitude of m with decreasing
temperature is apparent from Fig. 10 in Watts and
Rossby (1977). It is also apparent from their figure
that m depends on the 7-S diagram slope 4 = dS/dT,
especially within the thermocline where the tempera-
ture gradient and the vertical displacement X have ex-
trema. Typically, in the North Atlantic Current A
= 0.05 psu °C™!, and in the Sargasso Sea 4 = 0.14
psu °C~!, within the permanent thermocline (Emery
and Dewar 1982). From Watts and Rossby’s (1977)
Fig. 10, it appears that this change in A significantly
reduces the spatial variation of » that one would expect
from temperature alone. But the size of this reduction
cannot be readily calculated, principally because of
uncertainty about the actual form of X.

6. Summary and conclusions

A well-defined, linear relation between AD and 7 is
found in a single region of the North Atlantic. This
region, centered on the Gulf Stream, is a broad tongue
extending from the western Sargasso Sea almost to Ire-
land. Areas of weak correlations have variable salinity
signals and resulting 7-S scatter. The value of m; typ-
ically ranges from —40 dyn m s~! in the northern Sar-
gasso Sea to —20 dyn m s ™! in the North Atlantic Cur-
rent. In the Gulf Stream, it is typically between —30
and —35 dyn m s~!. This variation is attributed prin-
cipally to the temperature variation of surface-layer
water (1.e., water above the thermocline ). Where m; is
well defined, its value usually corresponds roughly with
that for small-amplitude first-baroclinic-mode excite-
ment.

Accordingly, in this region, since correlation between
AD and T is strong, variations in acoustic travel time
from an IES record can be reasonably interpreted as
variations in dynamic height, if an appropriate con-
version factor m is used.
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