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ABSTRACT

Beginning in 1983, the dynamic height difference at the sea surface defining the countercurrent trough at
38°W was continuously observed by Inverted Echo Sounders at 3°N and 9°N for six years and ten months.
The amplitude of the average annual signal for that time period was 36 cm, and the range of the interannual
variability was 25 cm. Thus, the annual signal dominatés as expected, but the interannual variability is of
comparable magnitude. Two years, 1983 and 1987, are noted as years of sharp increase in the interannual signal
(periods immediately following El Nifio events in the Pacific). From a derived relationship for geostrophic
volume transport, it is estimated that every year the North Equatorial Countercurrent attained a transport of
20 Sv (=10% m’ s~') for at least one month, while in the cited years it sustained this value for over half the
year. The output of an unbounded reduced-gravity model, forced by monthly averaged wind stress, is compared
to the observations. The model can be tuned so that the observed annual variation is approximated but none

of the interannual variability is captured by the analysis.

1. Introduction

In the dynamic sea surface topography of both trop-
ical Atlantic and Pacific oceans is a nearly basinwide
trough (Reid 1961; Merle 1978) that results in the
North Equatorial Countercurrent (NECC), an east-
ward current flowing counter to the prevailing easterly
trade wind. Taking advantage of long time records of
sea surface height at selected Pacific islands, Wyrtki
(1974) showed that interannual differences in the depth
of the trough may be as large or larger than the seasonal
difference. In the absence of such convenient islands
in the Atlantic, estimates of the trough depth have been
based on seasonal averages of all available data or on
meridional hydrographic sections (Katz 1981). The
latter were far too few to distinguish between annual
and interannual variations but suggest a combined
range of roughly 12-24 cm in the western Atlantic.

To separate and independently establish annual and
interannual variations in the Atlantic, Inverted Echo
Sounders were deployed at representative latitudes
(3°N and 9°N) along the 38°W meridian from January
1983 into November 1989. Their locations relative to
the mean dynamic topography are shown in Fig. 1,
which suggests an average of 10-15-cm difference be-
tween them. In the next section the dataset is shown,
its calibration established, and the general nature of
the signal described.
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About the time of the observations, two El Nifio
events occurred in the Pacific Ocean. Section 3 relates
the interannual variations observed in the Atlantic to
these events in the Pacific. This is followed by an es-
timate of the geostrophic transport implied by the
sounder observations.

To explain the interannual variations of the coun-
tercurrent, one looks to the external forcing. What
drives the countercurrent against the prevailing wind
is the meridional shear of the zonal wind. Thus, one
presumes that the observed interannual variations
should be traceable back to variations in the wind field
on the same time scale. A reduced-gravity model offers
the simplest way of integrating the observed wind field
to test this hypothesis, and in section 5 the results of
such a calculation are compared to the observations.

2. Observations

The Inverted Echo Sounder (Bitterman 1976) is a
spherically encased instrument that is deployed floating
1 m above the ocean floor and transponds and records
the time for a 12-kHz signal to reflect off the ocean
surface and return. In the application employed here,
a burst sample of 20 signals was sent at 10-s intervals
once an hour. Deployments were typically for about
one year, and six deployments were necessary to
achieve the record length (see Table 1). To join two
records to obtain a continuous time series, the replace-
ment sounder was deployed about 12 hours before the
previous sounder was recovered. Spectra of the result-
ing time series are shown in Fig. 2.

The travel time is affected by two properties of the
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FI1G. 1. Location of Inverted Echo Sounders. The two sounder sites are designated by stars
on a map of the annual mean dynamic height (5 m relative to 500 m) derived from Merle

(1978). Contours are every 5 cm.

ocean: changes in the height of the water column and
changes in the sound velocity along the transmission
path. The dominant process affecting the former are
the tides, and these long records afford a unique op-
portunity to establish the amplitude and phase of many
components. Table 2 describes several of the major
constituents, where a nominal 1540 m s™' sound ve-
locity is used to convert travel time to sea surface am-
plitude.

A second high-frequency band (periods roughly of
2 to 5 days) of variance in the spectra is due to inertial
gravity waves [previously described by Garzoli and
Katz (1981) from earlier sounder records]. Before cal-
ibration, the high-frequency part of the signal is re-
moved by a low-pass filter that essentially removes all
energy below one cycle per 30 days and has a 50%

amplitude reduction at 40 days (dashed lines in
Fig. 2).

After filtering, the resulting time series of two-way
travel times is interpreted as surface dynamic height
relative to 500 db with the use of (i) an assumed value
for the rate of change of travel time with dynamic height
and (i1) an assigned value of the dynamic height for
the mean travel time. The first is derived from historical
data, and the value of 7.89 cm ms ™, derived earlier
(Katz 1987), is used. The mean dynamic height is ob-
tained by comparing with data from hydrographic sta-
tions over the sounders during the deployment/recov-
ery cruises. The result is shown in Fig. 3. For the two
series, the standard deviation between sounder-derived
dynamic height and observation is 3.0 cm at the two
sites, combined.
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FIG. 2. Spectral density of sounder records. Units are milliseconds per cycle per day.
Solid line is hourly data. Dashed line is after low-pass filter.
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TABLE 1. Time and location of data records.

Location
Deployed Recovered
(year day/year) (N) W)

I 35/83 252/83 9°01.0/ 38°18.%
11 252/83 291/84 9°04.5' 38°11.3
111 291/84 304/85 9°04.4' 38°11.5%
v 303/85 22/87 9°04.6' 38°11.4
\Y% 22/87 164/88 9°05.1' 38°11.2
A% 164/88 312/89 9°08.2' 38°04.2'

1 37/83 250/83 3°03.0/ 38°34.0/
il 250/83 293/84 3°17.2 38°34.8'
I 293/84 302/85 3°17.00 38°35.%
1AY 301/85 20/87 3°15.9 38°35.%
v 19/87 161/88 3°16.1 38°36.8'
Vi 161/88 310/89 3°15.8' 38°37.2

Of interest is the difference in dynamic height be-
tween the two sites that straddle the NECC. This is
shown in Fig. 4 and reflects the anticipated spring/
summer buildup of the countercurrent and its fall/
winter relaxation. The mean difference, 15 cm, is close
to the historical average derived from Fig. 1.

To quantify the separate contributions of annual and
interannual variations, a six-year climatology is derived
from the dataset and shown in Fig. 5. The climatology
at the individual sites are roughly 180 degrees out of
phase, with the larger part of the signal coming from
3°N (a range of 30 cm, compared to 12 cm at 9°N).

In the absence of interannual variations, the cli-
matology would suggest the absence of a countercurrent
in March and April and a maximum countercurrent
from August through November. The range is —6 to

TABLE 2. Principle tidal constituents.

9°04.73' N 3°14.17 N

Location: 38°11.35 W 38°35.63 W
Amplitude Phase Amplitude Phase
Constituent (cm) (deg) (cm) (deg)
Q 0.97 195.17 0.94 210.76
O, 6.39 24195 6.15 221.21
P, 0.84 265.03 1.50 292.24
K, 2.27 269.41 7.20 270.71
N; 9.94 210.95 16.50 219.86
M, 55.38 221.12 73.57 235.15
S; 16.49 251.89 16.22 248.77
K> 4.94 257.83 6.31 24428

Notes: 1) Tidal analysis performed with G. Godin’s tidal current
analysis and prediction computer programs (see Pacific Marine Sci-
ence Reports 77-10, 78-6, and 79-15, by Foreman et al.). The “stan-
dard” table of 69 constituents was used.

2) Location is an average of the sequential deployments. No ad-
justments are made for positional variations (see Table 1).

3) All data are from “hourly” samples. Clock drift in a year’s de-
ployment was typically ten minutes and each segment was linearly
interpolated to on the hour before analysis.
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"FIG. 3. Dynamic height of low-frequency sounder records and
CTD calibration data. CTD data, shown as rectangles, were obtained
during deployment cruises. The 1989 data point at 9°N was excluded
from analysis as an outlier.

+30 cm. Richardson and Walsh (1986) plotted four
monthly maps of surface current from historical ship-
drift reports. Along 38°W, their maps are consistent
with this timing of the annual cycle. They show weak
westward current in February and May, contrasting to
eastward current in August and November. Merle
(1978) plotted two three-month averages of dynamic
height (5 m Re 500 m) from available hydrographic
data. Along 38°W, between 9°N and 3°N, they showed
a similar result. In January-March there is a difference
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FIG. 4. Difference in dynamic height between the two sounders.
Data is the difference of the two panels in Fig. 3.
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FIG. 5. Climatology (upper panel) and interannual anomaly (lower
panel) of the sounder’s height difference. With the change in scale
the interannual signal “looks noisy,” and the solid line is after filtering
the interannual signal again with the same low-pass filter as before.
Subsequent discussion is about this twice-filtered signal.

of 7 cm, while in July-September it is 24 ¢cm, in rough
agreement with the sounder result.

3. Relation to El Nifio

Having found that the climatology based on a rel-
atively short period is comparable to other previous
views of the annual cycle, which contain data over
longer periods (albeit nonuniformly distributed), the
anomaly signal shown in Fig. 5 can be thought of as
qualitatively representative. The interannual variability
is 25 cm, or two-thirds of the annual variation.

During the six years there are two distinct periods
of sharp and sustained increase in the interannual sig-
nal: the first half of 1983 and 1987, with a nearly
monotonic decrease between them and an arrested de-
crease after 1987. The former two years are periods
following exceptional surface winds in the Pacific
Ocean, known as EI Nifio (Philander 1990). In Fig. 6
the Southern Oscillation index (SOI) is compared to
the interannual variation of the NECC.
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To make this comparison, both are shown as stan-
dard deviations about their means. The SOI data, based
on the atmospheric surface pressure difference between
Tahiti and Darwin, were provided by Vernon Kousky
and are an update of the time series described by Chel-
liah (1990). It has been smoothed over a five-month
band to make it comparable to the NECC data. Min-
imum values of the SOI are indicative of minimum
trade winds across the Pacific and a maximum in con-
vective activity in the central and eastern sectors (Ras-
musson and Wallace 1983). The latter presumably af-
fects the global atmospheric circulation.

In the six-year record of the NECC index there are
two maxima of about 1.5 and 2.0 standard deviations,
and they both occur about one-half year or less after
the two minima in the SOI (with the hint of a third
event developing as our record runs out). The midyears
between the two events are featureless in both signals.

4. Geostrophic transport

While it is relatively obvious that the sea surface
height differential across the NECC is a qualitative
measure of its geostrophic strength, it would be better
if this could be made quantitative. While there need
not be a unique relationship between height difference
and mass transport, in an earlier work (Katz 1981, Fig.
4) a correlation between the two was shown from an
analysis of nine historical meridional sections between
25° and 35°W. The result was a near-square-root de-
pendency of geostrophic transport versus height dif-
ference. These data are shown in Fig. 7, with two ad-
ditional data points from the 1987 and 1989 cruises
along 38°W deploying the sounders.! Station spacing
was one degree or less and the transport is from surface
to the 500-db reference level. A linear regression, shown
in the figure, yields the relation

transport (in Sv) = 4.2 Vdelta ht. (in cm),

with a standard error of 3.4 Sv (1 Sv=10°m>s7!).

From this, a continuous estimate of the geostrophic
transport of the countercurrent can be derived from
Fig. 4. This is shown in Fig. 8 for monthly averages.
The range of peak annual values is relatively limited,
only varying between 20 and 27 Sv. The total annual
transport (i.e., the integral under the curve for each
annual cycle of the countercurrent ) has a much larger
interannual variation: threefold in the extreme com-
parison between 1986 and 1987. The standard devia-
tion of the annual geostrophic flow (for 1983-89) is
30% of the mean.

! In 1988 a transport of 0.6 Sv was calculated, and the height dif-
ference was a negative 4.7 cm. This point is not included in the
analysis. The years 1983 and 1984 are not included, as there were
insufficient data to compute transport between the sounder sites.
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FIG. 6. Comparison between North Equatorial Countercurrent and Southern Oscillation
indices. The ordinate is in terms of each series’ standard deviation. Source and smoothing of

the SOI data are discussed in text.

5. Reduced-gravity model calculation

The interannual variation in the NECC is most likely
attributable to the interannual variation in the surface
wind field. It is, however, an integrated effect in both
space and time. It would be insufficient, for example,
to directly compare the ocean observations with the
wind field at 38°W.

A model is needed to integrate the observed winds
downwind until 38°W, and the simplest model is a
two-layered reduced-gravity model (Busalacchi and
O’Brien 1980, in the Pacific; Busalacchi and Picaut
1983, in the Atlantic). To focus solely on the direct
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FiG. 7. Geostrophic volume transport compared to the difference
in dynamic sea surface height. Both transport and height are between
3° and 9°N and are relative to 500 dbars. Solid boxes are from Katz
(1981). The line is from a linear regression with no constant (coef-
ficient of correlation: .71).

effect of the wind stress, we simplify even further by
considering the ocean as unbounded to the west. As
described in Katz (1987), after ignoring higher-order
acceleration terms and the meridional wind stress, we
numerically solve the equations:
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where 7 is sea surface height, # is the thermocline depth,
x and y are east and north (with y = 0 at the equator),

f(=By) is the Coriolis parameter, p and p, are water

and air density, Ap is the density difference between
the two ocean layers, 7, is the wind stress on the surface,
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FI1G. 8. Monthly averaged eastward geostrophic volume transport.
The data of Fig. 4 are averaged and converted to transport using the
regression shown in Fig. 7. Zero transport is plotted when the monthly
dynamic height at 9°N exceeds that at 3°N.
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V is the observed wind above the sea surface, and Cp
is the drag coefficient. In the calculations p, = 1.2
X103 gem™, Ap/p = 4.0 X 1072, and Cp = 1.5
X 1073, As described in the earlier work, the density
difference between the two layers is derived from a
linear regression of dynamic height on thermocline
depth from monthly averaged climatological data.

The calculation is done separately along 3°N and
9°N, beginning at 20°W [chosen because the annual
harmonic of the surface dynamic height is climatolog-
ically a minimum there (Merle and Arnault 1985)]
and integrating westward in two-degree intervals. Up-
dated monthly averages of the wind field were provided
by J. Servain from an objective analysis of ship-reported
wind (Servain et al. 1985). The data are reduced to a
2° X 2° grid; thus, the meridional derivative of wind
stress is computed over 4°.

The initial condition is a flat sea surface above a
constant thermocline depth of 2 = 50 m. The latter is
the mean annual depth along 20°W between the two
latitudes. At 20°W % remains constant, but to the west
it changes to reflect changes in sea surface height. The
calculation begins in January 1982, or one year before
the ocean observations. In Katz (1987, Figs. 11 and
12), it is shown that the change in surface height at
each site results from a near balance of the opposing
forces with the timing of the seasonal changes being
controfled by the time of increasing and decreasing
meridional wind shear stress. Subtracting the two cal-
culations yields a daily time series of the difference in
dynamic height along 38°W. This is then smoothed
and analyzed the same way as was done for the sounder
data, and the resulting climatology and anomaly is
shown for both in Fig. 9.

The model climatology shows the seasonal difference
between weak slope in the spring contrasted to a max-
imum in the summer, but has a reduced range of about
half that of the data. The discrepancy between model
and data is most noticeable when considering the
anomaly signal (Fig. 9, lower panel). None of the in-
terannual variability is reflected in the model results.

A series of sensitivity runs were made varying the
initial thermocline depth and the drag coefficient. The
model is relatively insensitive to the former but, as can
be seen in Fig. 10, doubling the drag coefficient in-
creases the range of the model climatology and aside
from missing the slope reversal in the spring, tracks
the data quite well. Changing the drag coefficient, how-
ever, does not improve the model’s inability to repro-
duce any feature of the interannual record.

To attempt to shed some light on where the model
most diverges from the observations, the climatology
and interannual anomaly at each latitude are compared
in Fig. 11 (the drag coefficient set at its unexaggerated
value of 1.5 X 1073). The climatological comparisons
find the model predicting the range and phase of the
observations rather well at 3°N and not at all at 9°N
(up to an arbitrary constant that is added to the model
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FIG. 9. Comparison of climatology and interannual anomaly be-
tween sounder data and reduced-gravity model. Data is the solid line
(from Fig. 5); model is the dashed line.

results at both latitudes). The discrepancy between
model and observation of the interannual anomaly is
poor at both latitudes, but is relatively worse at 9°N.
At 3°N the model at least shows the correct time de-
rivative more often than not. Thus, while the model
results are not encouraging at either latitude, it would
appear that the comparative results between them are
uneven.

6. Discussion

The comparison of model output to data leads to
the following conclusion. Since the annual variation is
larger than the interannual variance, any model that
can reproduce the phase of the annual variance can be
tuned to closely approximate one year, or even several
nonexceptional years, of data. That leaves the inter-
annual variance as the test of a model and its input.
Therefore, in the equatorial Atlantic, where long time
in situ measurements have not been easily obtained,
model validation is presently very limited. The satellite
altimeter (e.g., Carton and Katz 1990), however, may
alter this situation in the present decade.
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FIG. 10. Same as Fig. 9 with varying drag coefficient.

The dataset from the sounders presented here is
unique at this time, but it still represents only one aspect
(or one dimension ) of the circulation. The inability of
the unbounded reduced-gravity model to reproduce the
interannual variation can arise either from the as-
sumptions of the model or the inadequacy of the wind
field forcing the model to accurately describe the forc-
ing, or both. Assuming that the wind field is adequate,
then the conclusion is that a simple downwind integral
of the relevant yearly wind stress does not identify years
of anomalous sea surface variability.

The absence of a western boundary in the model is
most likely primarily responsible for the lack of an ac-

ceptable interannual simulation. If this proves to be
the case, then what has been demonstrated by this ex-
ercise is that, not surprisingly, the interannual variance
is due to the closed basinwide response to the wind
field. S. Zebiak has made some preliminary calculations
for the years of the sounder data with the model de-
scribed by Cane and Pattern (1984) [and previously
applied to the Pacific by Zebiak and Cane (1987)] and
plans to report on this work in the future.

Beyond the present model’s deficiency, the poor
sampling provided by ship observations forces a
smoothing of the wind field, which could conceivably
partially mask interannual variations in the basinwide
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F1G. 11. Comparison of climatology and interannual anomaly be-
tween sounder data and model (dashed lines) at 9°N, 38°W and
3°N, 38°W.

integrated wind field. This situation will remain until
satellite-derived sea-surface wind fields become rou-
tinely available.

While a seven-year record length is still relatively
short to discuss interannual variations, it nonetheless
did contain two “events” of increased interannual sig-
nal. These occur in years following El Nifio events in
the equatorial Pacific and, without being specific about
the exact mechanisms involved, it is reasonable to
speculate that upper-atmospheric changes associated
with the increased convection in the Pacific affect the
trade winds over the Atlantic. Philander (1990) dis-
cusses this connection when noting the strong Atlantic
trade winds in the year following the 1982 El Nifio.

The result of a deepening countercurrent trough is
an increase in the annual eastward transport of the
North Equatorial Countercurrent. Without interannual
variation, we estimate an average transport of 20 Sv
for five months of the year (from mid-July through
mid-December). In contrast, in the years following El
Nifio events in the Pacific, transports exceeding 25 Sv
are sustained for that period, or longer.
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