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Sea Level and Thermal Response to the 1986-87 ENSO Event

in the Far Western Pacific

John S. GODFREY, K. RIDGWAY, Gary MEYERS and Rick BAILEY

CS1RO Division ofOceanography, GPO Box 1538,
Hobart, Tas. 7001,Australia

ABSTRACf

Sea levels at thePapua New-Guinea (PNG) coastresponded to the 1986-87 ENSO eventmuch as
would beexpected for points on the inshore edge of a western boundary current, driven by remote sea
level disturbances. The firstEOFof sea level in the region accounts for60% of the variance, and shows a
clear western boundary current signal. Sea level estimates from tide gauges and adjacent XBT's are in
good agreement, so XBTdata are used to supplement sea level results; specificaUy, we obtain an estimate
of the western boundary current as a function of depth. The anomalous transport varied by about 15
Sverdrups during theevent, The boundary current followed theTobriand Island ridge, ratherthan the main
PNG coastline, and appears to bifurcate along southern New Britain. A maximum response to the ENSO
occurred south of New Ireland. where steric sea level appeared to vary about 45 cm due to the ENSO
evenL

1. Introduction.

This report is a preliminary version of a comprehensive paper (Ridgway et al., in
prep.). The 1986/87 ENSO event was the most completely monitored yet to have
occurred. It is the first such event to occur in the TOGA decade and hence many new
observing systems were in place. One such system (Fig.1) was a network of seven tide
gauges installed around Papua New Guinea (PNG), which started operation in September
1984, enhancing the existing Pacific network (Wyrtki, 1979). The density of the stations
is greater than for elsewhere in the Pacific network, because it was anticipated that,
along with observations of the large scale response to climatic variations, they might
measure a western boundary current adjacent to the PNG mainland. During 1986-87, a
weak ENSO event occurred (Miller et al., 1988). This provided the first opportunity to
detect the presence or absence of these anomalous boundary currents and, if they were
present in the sea level data, to obtain a picture of their behavior. It was hoped that the
new network would provide answers to questions such as whether the western boundary
current follows the PNG mainland coast (through Vitiaz Strait) or whether some or all of
the anomalous transport follows along the coasts of New Britain and New Ireland.

2. Methods.

A full description of the instrumentation and procedures associated with the PNG
sea level network is given in Ridgway (1989), hence only a brief discussion of the salient
points will be included here. At each of the seven sites marked with solid squares in
Fig.1, float-well gauges have been installed which incorporate Stevens analogue to
digital recorders (ADR). The sea level data are recorded every 15 minutes on punched
paper tape. A local observer collects the tape at the end of every month and sends the
results to Hobart for processing.

XBT data covering the same time as the sea level data, for an area surrounding
the expected western boundary currents, (outlined in Fig.1) were obtained from the
TOGA Sub-surface Temperature Data Centre in B st,
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FIG.l. Monthly meansea levels from within the full square(IO"N-30oS, 130oE-1700W) havebeen used to obtaina picture of anomalous response in the tropical
southwest Pacific.XBTsteric heights havebeencalculatedwithinthe dotted region,for closer studyof the westernboundary current.
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3. Data Processing.

The sea level data are processed in several stages in moving from the raw fifteen minute
observations to a series of standard data products. Quality control procedures are used to
remove any reference level and phase changes, and to fill small breaks in the data series.
The observed series is then converted to hourly data using a simple binomial filter and a
further Lanczos cosine filter is applied (Thompson, 1983) and the data are decimated to
produce 12 hourly values. This removes the diurnal and semi-diurnal tidal frequencies but
retains longer period signals, including those of tidal origin. In fact it was found that the
fortnightly tides, Mf and Msf, were large enough to cause problems and so they were also
removed. Plots of the time series of this 12 hourly data for all PNG stations are presented in
Ridgway (1989).

Monthly mean sea levels were produced from simple averages of the hourly data. The
annual cycle of sea level at each station was determined by procedures previously adopted
by Wyrtki and Leslie (1980), in which a 2 harmonic curve was fitted to the data for the
period September 1984 to December 1987. Monthly sea level anomalies were therefore
obtained by subtracing the 1984-87 mean seasonal cycle of sea level from the monthly
means. This procedure was also applied to the monthly mean data from other western
Pacific stations (as published in the ISLPP maps (Wyrtki et al., 1988).

Annual mean temperature-salinity relationships were obtained from the Levitus (1982)
data set in 2°x2° squares, and used with the XBT's to obtain steric heights at the surface,
and at 50, 100, 150, 200 and 300 db relative to 450 db. Individual steric height
measurements were grouped into 2°x2° bins within the area show, in Fig. 1; 5 pairs of bins
were combined, where data were thought to be inadequate in the individual bins.

4. Results.

a. Sea level
Fig.2 shows the monthly mean anomalies of sea level at the PNG gauges and several of

the other western Pacific gauges. Most of the records show a drop in sea level towards the
end of 1986, persisting for nearly 12 months; the magnitude and sharpness of the drop
varies from station to station. The largest and sharpest drop occurs at Honiara where from
December 1986 to April 1987 there was a 25 cm reduction in sea level. However, not all
stations show this pattern; for example, there is no corresponding large negative anomaly in
the sea level at Port Moresby, and anomalies in the monthly mean sea level there are
restricted to about 5 cm over periods of 2 to 3 months.

An empirical Orthogonal Function (BOF) analysis was performed on the data from the 25
stations in the region for the period 1984 to 1987. This technique allow the most significant
"standing wave" contributions to the variance to be extracted from each data record in the
form of a set of orthogonal functions. Not surprisingly, the time amplitude of the first EOF
(Fig. 3a) shows a drop at the end of 1986, as seen in many individual records in Fig.2;
though for some reason the sharpness of this drop is greater than in most of the individual
records. Nevertheless, this mode evidently captures the variance associated with the
1986-87 ENSO. The first mode accounts for 60% of the variance in sea level (the next
mode only accounts for 16%). The corresponding spatial structure of the first EOF is show,
in Fig. 4.

The large region of depressed sea level centred at Honiara seen in Fig. 4, within a
generally zonal band between the equator and 15°S, is similar to behavior seen in earlier
ENSO events (e.g. Wyrtki, 1985). The low sea level region is bounded by sharp gradients,
implying strong westward and eastward geostrophic flow in the south and north
respectively. A new feature, revealed by the PNG gauges, is that the westward fl0'f is
turned equatorward once having reached the PNG coast thus forming an anomalous western
boundary current. Contours are hand drawn in Fig.4 , and it has been assumed that sea level
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gradients along the New Britain coast are zero. Other choices, consistent with the
observations, have non-zero gradients along the New Britain coast and less intense
geostrophic currents through Vitiaz Strait; but a strong western boundary current remains.

It would be useful if some areas of ambiguity in this contour map of the sea level data
could be removed. A sea level gauge at the western end of New Britain would be very
useful for this purpose. Unfortunately data is not available on the western end of New
Britain for the whole period; we do have, however, a limited data set spanning the 7-month
period of the WEPOCS experiment (Lindstrom et al., 1987) for the stations Pililo, Long
Island, Rabaul, Lae and Madang which encircle Vitiaz Strait. Plots of the band-pass filtered
(tides and periods longer than 30 days removed) sea level have been prepared for each of
these sites. As we are interested in the geostrophic current along the PNG coast we have
used the Madang - Pililo and the Port Moresby - Honiara differences as representatives of
this current. There is significant correlation for periods below 30 days and above the
amplitude is at least of the same order, but the record is too short to resolve the contouring
ambiguity in Fig.4.

b. Steric sea level.
A second approach is to augment the sea level data with results from XBT-derived steric

heights. Before attempting this, it is useful first to compare XBT steric height observations
taken within (say) 100 km of a tide gauge with the record of sea level from that gauge. Fig.
5 compares 12-hourly mean sea levels from tide gauges with simultaneous steric heights,
from XBT's dropped within about lOO km of the gauge, for four representative stations. The
difference between the two sets of observations has a standard deviation of less than ±5cm,
even in the case of Lae where neither set of observations shows much variability. (Note that
the seasonal signal has been retained in all the sets of observations in Fig. 5). These results
confirm the general conclusion that XBT steric sea levels are a useful proxy for actual mean
sea levels at islands (e.g. Rebert et al., 1985). In addition - rather surprisingly - Fig.5
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suggests that this is true even for those of our gauges (Madang, Port Moresby, Lae) lying
inshore from coastal boundary currents. This may simply reflect the fact that the continental
shelf is narrow and the Coriolis parameter small for our gauge locations, so that geostrophic
sea level differences between the tide gauge location and the shelf edge (where most of the
XBTs are dropped) is likely to be small.

We have divided the region up into 2°x2° squares for further analysis, as illustrated in
Fig.I. Fig.6 shows the time series of steric sea levels from a line of bins with centres along
I53°E; the least-squares fit to these data by the first EOF amplitude of Fig.3 has been
superimposed on each curve. Note that the amplitude of this curve (which is simply the
regression coefficient of the time series of steric sea levels on the amplitude of the EOF)
decreases suddenly between 70 and 90S, and stays small at all points south of 90S. Note also
the very large amplitude of the best-fit curve at 70S: this may be spurious, since no data are
available in mid-I987 when the EOF amplitude of Fig.3 is very negative. Fig.7 shows the
regression coefficients on the first EOF of Fig.3 from all 2°x2° squares. and from all sea
level stations. Note that some 2°x2° squares have been combined. due to inadequate
amounts of data in individual bins.

There are some substantial differences between Fig.7 and the original hand-contoured
version of Fig.4, which was based on tide gauge data only. As already noted. the high
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amplitude (45 cm) at (7°S, 153°E) may be due to a lack of data when the EOF was at a
minimum, in this square. However, other differences between the two versions are probably
real. In particular, there is a broad area off New Ireland and the northern Solomon islands
where the regression coefficients are higher than found at any of the sea level gauges. It
should be noted that the Solomons and Bougainville present a solid western boundary to the
Pacific from lOoS to 50S, below 200m, but there is a deep gap between northern
Bougainville and New Ireland. Thus the higher values of ENSO response east of the
Honiara and Rabaul gauges may reflect the Solomon island western boundary current.

Between 8° and lOOS, the PNG current is centred at 155°E in Fig.7. This result, though at
first sight surprising, can be understood from PNG topography in these latitudes; the 200m
contour extends to 153.5°E at 90S (Budibudi Island). However, no such explanation can be
offered for the fact that Fig.7 does not appear to show a western boundary current along the
PNG coast between 6° and 80S: the main geostrophic current appears to be some 400 km
from the coast, Le. near 153°E, and the water between 153°E and the PNG mainland is deep
and unobstructed.

A strong "spike" is seen in several of the time series of steric heights, around April-May
1986 (e.g. Fig.6). This is partly due to the fact that Fig.6 shows full steric sea level values,
rather than anomalies, but the spikes are present in the anomaly records as well. The spikes
are mainly seen in the steric height records with large amplitudes in Fig.7, and is not seen in
sea level records; it may influence the regression coefficients of fig.7. However - although
we have not yet attempted to obtain an objective measure of the errors in the regression
coefficients of Fig.7 - we do not believe the errors are large enough to account for all of the
30 cm difference in steric sea level between 151° and 153°E along 70S, seen in Fig.7. If one
accepts this feature as real, one possible explanation is that the eddy at (7°S, 153°E) may
represent an inertial overshoot of the Solomon-Bougainville western boundary current, as it
passes through the Bougainville - New Ireland gap.

This places some uncertainty on the interpretation of the flows along the PNG coast as
western boundary currents: nevertheless, our best interpretation is that about half the current
flows along the southern New Ireland coast, and another half through Vitiaz Strait; the
small sea level difference between Rabaul and Kavieng suggests that little flow passes
through St. George's Channel. It is interesting that the captain of the "Nimos" (the vessel
that drops many of the XBT's in the PNG region) reports (pers. comm.) that they frequently
encounter westward currents along the western half of the south New Britain coast and
eastward currents along the eastern half of that coast. This agrees qualitatively with the
interpretation of Fig. 7.

It may be noted that, perhaps due to the large number of islands through this region, the
GEOSAT altimeter product of Miller et al., (1988) does not yet cover the region. Thus our
data remains, for the present, the only source of information on the western boundary
current anomalies in the Papua New Guinea region.

c. Geostrophic mass transports.
Maps such as Fig.7 have been prepared for the 50, 100, 150, 200 and 300 m levels from

the XBT data. Briefly, each map is qualitatively similar to Fig.7 , and shows the expected
weakening with depth. The anomalous currents seem to have an e-folding depth of about
150 m (if our choice of a 450 db reference level is justified). Fig.8 shows the anomalous
transports as a function of time, estimated from the sea level differences between Port
Moresby and Honiara (100S) and between Madang and Rabaul (50S). The anomalous
transport changes by about 15.l()6m3s-1 between mid-1986 and early 1987. Fig.7 suggests
that these estimates may be too small, because they are based on sea level differences from
tide gauges: thus they do not take into account the large changes in steric sea level just to
the east of the Solomons and New Ireland.

Acknowledgments. We are indebted to Prof . K. Wyrtki and Dr. R. Lukas for tide and
pressure gauge data; also to the PNG tide gauge operators and the officers and crew of MN
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"Nimos" for obtaining much of the data in this paper.
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