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Interannual var~ability in the baroclinic gyre structure
of the Western North Pacific from 1954-1974
by Warren B. Wbite 1 and Keiichi Hasunuma 2
ABSTRACT
In the western North Pacific from 0-35N 130-180E, the vertical and horizontal thermal
structure of the baroclinic gyre systems in the region from 0-400 m depth has been mapped
on a yearly basis from 1954-1974. From this measure of the baroclinic field of mass, the
dynamic height (0/400 db) has been computed for each year, yielding geostrophic current
indices of the major zonal currents. From the latter, the Subtropical Countercurrent and the
North Equatorial Current are found to have fluctuated from year-to-year in phase with one
another, with a correlation time scale of 2-3 years from 1954-1974 and with a magnitude
that ranges ± 10-20% of their respective mean. These currents, with peak speeds during
1957-58, 1963-66, 1970-71 and 1973-74, fluctuated out of phase with the North Equatorial
Countercurrent.
The interannual RMS differences of surface dynamic height (0 / 400 db) from 1954-1974
formed regional maxima near the Kuroshio Ridge at 30N, near the North Equatorial Ridge
at 15N, and near the Equatorial Ridge at 2.5N, with zonal regions of minima in between.
One principal spatial pattern of interannu al dynamic height variability (from empirical orthogonal function analysis) establishes that the maximum variability near the North Equatorial
Ridge fluctuated directly out of phase with that near the Equatorial Ridge, accounting for
the fact that the strength of the North Equatorial Current fluctua ted out of phase with the
North Equatorial Countercurrent. Another principal pattern of interannual dynamic height
variability establishes that the maximum variability near the North Equatorial Ridge fluctuated
in phase with the Kuroshio Ridge, but out of phase with the Subtropical Trough, accounting
for the fact that the Kuroshio, the Subtropical Countercurrent and the North Equatorial
Current fluctuated in phase with one another.
The interannual RMS temperature differences from 1954-1974, as a function of depth and
latitude, shows the surface dynamic height (0 / 400 db) variability in the equatorial and tropical
regions (south of 20N) to have been due to temperature changes in the mean thermocline
from 100-300 m depth. In the region of the Kuroshio north of 30N, the maximum variability
is also found in the main thermocline, but deeper than 300 m. In between, where the Subtropical Mode Water exists, a horizontal minimum exists in the interannual variability, with
very little depth dependance in the upper 400 m.
l. Scripps Institution of Oceanography, Universi ty of California, San D iego, La Jolla, Californi a,
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1. Introduction

The large-scale interannual variability in the baroclinic potential energy (0/500
db) of the central and eastern North Pacific from 1950-1970 was mapped by
White (1977), finding the strength of the Subtropical Gyre to have fluctuated out
of phase with that of the Subarctic Gyre, with a range in magnitude of approximately 20% about the mean and a correlation time-scale of 2-3 years. The geographical distribution of RMS differences in baroclinic potential energy suggested
that much larger interannual variability could be found in the western portion of
the Subtropical Gyre. At the same time, indications were that the component currents of the Subtropical Gyre fluctuated not only in phase with one another,
associated with a fluctuation in the strength of the baroclinic gyre structure, but
possibly in phase with the equatorial currents to the south.
In response to these indications, a program was begun to extend the work of
White (1977) into the Philippine Sea to the west and into the equatorial region to
the south. The geographical boundaries of this program are shown in Figure 1,
extending from the coast of Asia (not including the western boundary region) east
to 180 and from the equator north to 35N. Because the hydrographic station
coverage was sparse in many parts of this region, all available temperature/depth
information were used, consisting of over 45,000 stations. As will be shown in the
next section, these temperature data acted as an alias of specific volume data with
which dynamic height calculations could be made.
The initial objective of this program was to merge the available temperature/
depth data into a single data file, edit them, produce long-term mean, variance,
and covariance statistics, and map the temperature data onto a space/time grid
that would resolve the large-scale, dominant variability in the baroclinic gyre
structure over the upper 400 m of ocean. The mapping of the temperature data is
reported in a technical report issued by White and Wylie (1977), showing annual
mean temperature maps from 1954-1974 at depths of 0 m, 100 m, 200 m, and
400m.
The present study of empirical orthogonal function analysis is employed for the
determination of the principal (or dominant) spatial patterns of interannual variability in these annual mean maps. The dominant changes in these maps are then
related to the interannual changes in surface dynamic height (0/400 db), from
which indices of the major zonal surface currents (i.e., North Equatorial Countercurrent, the North Equatorial Current and the Subtropical Countercurrent) are
constructed. These relative current indices are compared to one another and to the
associated changes in baroclinic structure.
2. Data and methods

This study begins by outlining the steps necessary to map the temperature
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Figure 1. The region of interest is shown inside the rectangle.

structure over the region indicated in Figure 1, each year from 1954-1974. The
first step was the combination of all the temperature/depth data from the National
Oceanographic Data Centers hydrographic and MBT (mechanical bathythermograph) files, the Fleet Numerical Weather Central XBT (expendable bathythermograph) file, and the Japanese Far Seas Fisheries MBT file, totaling altogether approximately 45,000 stations. The Japanese Far Seas Fisheries data set spanned
the period 1968-1973, taken from the equator to 30N and from 125E-180,
comprising 60% of the data taken in that region during these times. Further information of the space/time distribution of these data sets can be found in White
and Wylie (1977).
The original temperature/depth data set was edited by passing it through a 3cr
test. This defined approximately 10% of the station data as "bad" data, which
when removed reduced the total amount of temperature/depth stations to 41,354
(i.e., 12,134 hydrographic stations, 13,133 MBT stations, 11 ,876 XBT stations,
and 4,211 Japanese MBT stations). The second step was the construction (by
block averaging) of monthly and annual long-term mean fields of temperature on
a 2.5° latitude by 5° longitude grid over the entire region at standard depths. By
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subtracting these long-term monthly mean temperature values from the original
temperature data, residual temperature values were formed, from which preliminary estimates of the time scales of variability were made, reported in White and
Wylie (1977).
Information on the dominant space and time scales of temperature variability
led to the third step, where these scales were used by White and Wylie (1977) in
an optimum interpolation scheme developed by Gandin (1963), that placed the
residual temperature data onto a regular space grid (i.e., 2.5° latitude by 5° longitude north of 17.5N, 5° latitude by 10° longitude south of 17.5N) each year from
19 54-74. This methodology is the same as that used by White (1977).
The advantage of using the optimum interpolation method developed by Gandin
(1963) is that it produces an RMS interpolation error, giving some measure of
confidence in the mapped contours. The RMS interpolation error depends upon
the data density and the space scale of the signal to be mapped, as well as the
signal to noise ratio. Beginning with a signal to noise ratio of approximately unity
and spatial scales of approximately 5° latitude and 10° longitude, individual
seasonal maps of temperature were constructed by White and Wylie (1977) over
the time period 19 54-197 4. However, because the data density was low during
the first decade from 1954-1964, the mapped contours rarely exceeded the RMS
interpolation error. Therefore, it was decided that the historical data density warranted only the study of interannual changes in thermal structure from 1954-1974;
hence the production of smoothed annual maps with contour intervals of .25°C,
equal to the largest RMS interpolation error found over the entire region.
The fourth step concerns the method of computing annual maps of the surface
dynamic height from those of the thermal structure. This is discussed in some
detail in the Appendix.
3. Mean horizontal structure
The annual long-term mean horizontal maps of temperature are shown (Fig. 2),
at the sea surface, 200 m and 400 m. These maps are not to be confused with synoptic large-scale patterns, that contain both seasonal and meso-scale aspects.
Rather, they represent an average of all synoptic temperature patterns and as such,
their gradients are much reduced over those seen with individual cruise data.
At the sea surface, the annual long-term mean temperature distribution decreases
monotonically from the equator to 35N, with the largest north-south gradients
near 25N. At 200 m, the shear flow associated with the equatorial current systems
becomes evident. At 17.5N a temperature maximum forms at the North Equatorial
Ridge (NER), lying north of the temperature minimum at the Countercurrent
Trough (CT) at 7.5N. Between these two zonal features lies the zonal shear flow
(i.e., proportional to the north-south gradient) of the North Equatorial Current.
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Figure 2. Annual Jong-term mean horizontal maps (1954-74) of temperature (°C) over the
western North Pacific at depths of 0 m, 200 m, and 400 m.
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South of the Countercurrent Trough (CT) is the shear flow associated with the
North Equatorial Countercurrent. Poleward of the North Equatorial Ridge (NER)
the temperature decreases as it does at the sea surface, with the higher gradients
near 20N associated with the eastward shear flow of the Subtropical Countercurrent. North of there the weak Subtropical Trough (ST) runs northeast separating
the shear flow of the Subtropical Countercurrent from that of the Kuroshio
Countercurrent. The Kuroshio Ridge (KR) separates the Kuroshio from the
Kuroshio Countercurrent, both shear flows not very well resolved by this large
scale analysis. At 400 m, the equatorial and tropical current shears are very weak,
with only a small vestige of the Countercurrent Trough (Cn at 7.5N. At this
depth level, the shear flow north of 20N becomes prominent; with the North
Equatorial Ridge (NER) at 30N flanked by westward shear flow of the North
Equatorial Current on the south and the eastward shear flow .of the Kuroshio on
the north. No indication of the shear flows associated with either the Subtropical
Countercurrent or the Kuroshio Countercurrent can be seen at this depth. These
maps are similar to those produced in marine atlases of the Pacific by the USSR
Navy (1976) and by the Japanese Oceanographic Data Center (1975).
The horizontal distributions of the interannual RMS temperature differences
from 1954-1974 at Om, 200 m and 400 m are shown in Figure 3 and, like the
mean, are very different at the three depth levels. At the sea surface, the RMS
temperature differences were largest (>0.3 °C) in the subtropical region north of
25N and smallest in the tropics south of 15N. At 200 m, the smallest RMS temperature differences were found in the Subtropical Trough between 20-30N at this
depth (see Fig. 2); with weak regional maxima (>0.5°C) near (but slightly displaced
from) both the North Equatorial Ridge and the Equatorial Ridge. At 400 m, the
distribution of RMS temperature differences was much different from that at 200
m, with smallest RMS temperature differences south of ION, and largest values
(>0.3°C) in the shear flow of the Kuroshio.
4. Mean vertical structure

The annual long-term mean meridional vertical section of temperature along
155E is shown in the upper panel of Figure 4. It shows a ridge (i.e., corresponding
to the Countercurrent Trough (CT) in the horizontal sections of temperature)
near 7.5N in the main thermocline between 100 m and 300 m. At 17.SN, a
trough exists in the upper 200 m of this section (i.e., corresponding to the North
Equatorial Ridge (NER) in the horizontal sections of temperature). This trough
tilts radically to the north with increasing depth, lying at 25N at 300 m and at
30N at 400 m. The westward shear flow of the North Equatorial Current lies between this ridge and trough, becoming stronger with depth down to 200 m and
wider with depth down to at least 400 m. The eastward shear flow of the Subtropi-
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Figure 3. The interannual RMS temperature ( C) differences (1954-74) over the western North
Pacific at depths of 0 m, 200 m, and 400 m.
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Figure 4. Annual long-term mean meridional section (1954-1974) of temperature ( C) from
0-35N and 0-400 m along 155E. Also shown is the RMS interannual temperature (°C)
differences (1954-1974) along this same section.
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cal Countercurrent lies to the north of this trough, confined primarily to the upper
200 m and underlain by the deeper westward shear flow of the North Equatorial
Current (White, et al., 1978). As with the discussion of the mean horizontal
temperature maps in Figure 2, the deeper portion (>200 m) of the main thermodine is seen to be associated with a different baroclinic circulation regime from
that in the upper 200 m, with a vertical bifurcation of the thermocline at 200 m
near 17.5N.
The vertical distribution along 15 SE of the interannual RMS temperature differences from 1954-1974 is shown in the lower panel of Figure 4. At 155E, and at
virtually all longitudes from 135E to 170E, the RMS temperature differences had
a vertical maximum near the middle of the main thermocline between 100-300 m
from the equator to 20N. Very slight secondary maxima occur near 150 m depth
in the region of high meridional gradient on either side of the ridge (i.e., Counter-
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current Trough) at 7.5N. A very weak vertical maximum of the RMS temperature
differences from 20-30N occurred in the upper 100 m, below which existed a
broad vertical minimum in and below the Subtropical Mode Water (i.e., l 7-18 °C in
temperature) extending to 400 m depth. In the region of the Kuroshio Extension
(i.e., north of 32.5N) the vertical maximum occurred again in the main thermocline, this time deeper at 300-400 m. The coincidence of maximum temperature
variability in the main thermocline indicates the importance of the vertical displacement of the main thermocline in interannual fluctuations. It is clear also that
the horizontal displacement of the zonal shear flows has a minor role in the interannual variability.
5. Interannual change in the vertical and meridional structure
Empirical orthogonal functions (Lorenz, 1959) are computed from the individual
temperature sections constructed each year along 155E. The first three functions,
each consisting of a characteristic spatial pattern and a 21-year time sequence of
weighting coefficients are displayed in Figure 5. The percent amount of interannual
variance that the first three empirical functions can explain is nearly 60 % of the
total.
The first empirical function, which explains 26% of the total interannual
variance, has a spatial pattern that strongly resembles the RMS temperature difference distribution in Figure 4. It shows the vertical maximum in the main thermocline of the tropical region to be coherent with depth both above and below it, yet
out of phase with the secular variability in the Subtropical Mode Water poleward
of the North Equatorial Ridge. The time sequence of weighting coefficients has a
time scale of 2-3 years, with troughs in 1958, 1963, 1969 and 1972-73 and with
a magnitude that increases with time.
The second empirical function, which explains almost as much of the total interannual variance as the first function, has a different phase pattern in the upper 100
m than from 100-400 m. It shows a vertical maximum in the main thermocline of
both the tropical region and the Kuroshio Extension, both in phase with one another. The regional maximum in the upper 100 m occurs between 15.0-22.5N, above
the regional minimum below 100 m. The time sequence of weighting coefficients
shows troughs at 1963, 1966, 1969 and 1971. This time sequence also has a downtrend, indicating that while the surface temperatures were becoming warmer over
the 21-year period, the subsurface temperatures were becoming colder, associated
with a rise in the main thermocline.
The third empirical function, which accounts for 12 % of the total interannual
variance, has a spatial pattern that shows a vertical maximum in the upper portion
of the main thermocline on the southern flank of the North Equatorial Ridge, out
of phase with the region of minimum interannual variability both to the north of
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it and below it. The time sequence shows no trends, but has the same 2-3 year
scale of variability as the first two functions.
It was discussed earlier that the RMS temperature differences (Fig. 4) from
1954-1974 had a distribution whose magnitude was related to the strength of the
vertical temperature gradient. This is also seen in the empirical orthogonal functions. Even more, the first function indicates that the temperature structure north
of the North Equatorial Ridge (on 2-3 year scale) fluctuated out of phase with that
south of there, while the third function indicates that the center of the North
Equatorial Ridge above 200 m fluctuated out of phase with the region of Subtropical Mode Water to the north of it, but in phase with the high gradient region of the
Kuroshio Extension. On the other hand, the second empirical function tends to
align itself with the vertical stratification, where the secular variability of temperature in the upper 100 m fluctuates out of phase with that in the main thermocline
below. These results indicate that the secular variability from 1954-1974 tended
to align itself to the mean baroclinic gyre structure, with the main thermocline in
the vertical and the North Equatorial Ridge in the horizontal being approximate
regions of phase reversal.
6. Mean horizontal dynamic height structure
The annual long-term mean horizontal map of dynamic height relative ·to 400
db is shown in the upper panel of Figure 6. It shows the eastward geostrophic
flow of the Subtropical Countercurrent between the Subtropical Trough (ST) near
30N and the North Equatorial Ridge (NER) at 17.5N. The Countercurrent Trough
(CT) lies between 5 and lON, separating the westward geostrophic flow of the
North Equatorial Current from the eastward geostrophic flow of the North
Equatorial Countercurrent. These latter two currents are weakest between 150E
and 170E. The Subtropical Trough (ST) separates the westward shear flow of the
Kuroshio Countercurrent from the eastward shear flow of the Subtropical Countercurrent. The Kuroshio can be seen adjacent to Japan separated from the Kuroshio
Countercurrent by the Kuroshio Ridge (KR). The latter two currents are much
narrower than this and have not been resolved adequately by this large-scale
analysis; as such little more will be said about them. A comparison of this mean
map of surface dynamic height with one produced by Wyrtki (1975a) shows remarkable similarity, but since the latter is relative to 1000 db it is more weighted by
the shear flow configuration found at 400 m (see Fig. 2) and deeper.
The horizontal distribution of the interannual RMS dynamic height differences
(0/ 400 db) contained in the 21 individual annual mean maps from 1954-1974
(shown in the Appendix) is displayed in the lower panel of Figure 6. The pattern
of RMS difference is most similar to that of 200 m temperature in Figure 3, indicating the importance of the variability in the main thermocline upon the dynamic
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height variability. A regional minimum is found along 25N just south of the axis
of the Subtropical Trough. Farther north a tongue of large RMS differences (>3.0
dyn cm) extended eastward approximately along the northern flank of the Kuroshio
Ridge (KR) , ceasing abruptly at 170E. Two other zones of slightly larger values
(> 2.5 dyn cm) existed along 15N and from 0-5N, near both the North Equatorial
Ridge (NER) and the Equatorial Ridge (ER), respectively. In the middle of the
Countercurrent Trough (CT), the RMS variability was a very weak regional
minimum ( < 2.0 dyn cm) . The RMS dynamic height differences over the entire
latitude range were largest in the west, decreasing eastward.
7. Interannual change in the horizontal dynamic height distribution

Empirical orthogonal functions are computed from the individual annual mean
dynamic height maps from 1954-1974, shown in the Appendix. The first three
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functions, each consisting of a characteristic spatial pattern and a 21-year time
sequence of associated weighting coefficients are displayed in Figure 7. Together,
the three functions explain 54 % of the total interannual variance, approximately
the same as accounted for by the first three functions (Fig. 5) of the vertical meridional temperature sections along 155E.
The first empirical function has a spatial pattern that is spatially uniform (i.e.,
no large-scale spatial phase reversals indicated over the map), with regional maxima located near the North Equatorial Ridge and along the northern flank of the
Kuroshio Ridge. The time sequence of weighting coefficients has a definite trend,
indicating that the dynamic height over the entire western North Pacific decreased
2-4 dynamic cm from 1954-1972. Superimposed on this trend is the 2-3 year
variability found in the empirical functions of the vertical sections of temperature,
with troughs in 1958, 1965, 1968 and 1972.
The second empirical function has a spatial pattern that shows the secular variability in the Subtropical Trough between 25-30N to be out of phase with that
along the Kuroshio Ridge to the north and the North Equatorial Ridge at 20.0N.
The latter fluctuates out of phase with the Equatorial Ridge on the south. The
time sequence of the weighting coefficients is nearly identical to that of the first
function, but without the downtrend.
The third empirical function has a spatial pattern that shows the North Equatorial Ridge at 15N to be out of phase with the Equatorial Ridge on the south and
the Subtropical Trough on the north. The associated time sequence of weighting
coefficients has the same familiar 2-3 year scale variability as in the first two
empirical functions, tending to lead the second pattern by a year or so.
In addition to the remarkable zonal coherence displayed in the spatial patterns,
is the approximate time phase agreement that exists between functions. Except for
the time trend in the first function, the 2-3 year scale temporal variability in each
function is everywhere in phase within one year of one another. This indicates the
presence of a strong temporal signal, rich in spatial scales. A portion of the interannual variability displays spatial phasing that exceeds the mean meridional circulation scale of the western North Pacific, (i.e., in the first empirical function),
while an equal amount (i.e., in the second and third functions) is closely associated
with it. These latter patterns indicate that the subgyre system north of 17.5N, consisting of the Kuroshio Ridge, the Subtropical Trough and the North Equatorial
Ridge tended to pulsate symmetrically, with the ridges of the gyre system fluctuating
in phase with one another, but out of phase with the trough in between. The subgyre system south of 17.5N consisting of the North Equatorial Ridge, the Countercurrent Trough, and the Equatorial Ridge tended to pulsate asymmetrically, with
the two ridges fluctuating out of phase with one another, with no clear relationship
to the trough in between.
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For each of the empirical functions in Figure 7, troughs can be found in the time
sequence of weighting coefficients during the periods 1957-58, 1965-66 and
1971-73. These periods of time roughly coincide with years of El Nino occurrences
in the eastern equatorial Pacific, reported by Wyrtki (1975b). During these times,
there occurs a general reduction in the dynamic height of the western equatorial
region confined principally within 10° latitude of the equator. Because the time
sequence of weighting coefficients in the third function leads that of the second
function by one year, a tendency is indicated for eastward and northward spreading and intensification of the reduction in dynamic height from the El Nino year
to the subsequent year. Clearly, there is also in the first function, a component of
the El Nino response that is associated with a reduction in surface dynamic height
over the entire western North Pacific.
8. Discussion

A comparison is now made with a study completed three years ago (White, 1977)
concerning the interannual variability of baroclinic potential energy (i.e., BPE,
vertically integrated dynamic height) in the interior North Pacific, from 145E-130W
and from 20°-50° over the period 1950-1970. Where the two studies overlap
geographically, the annual long-term mean map of BPE (0/500 db) produced by
White (1977), is similar to that of dynamic height (0/400 db) displayed in Figure
6, both showing the Kuroshio Ridge, the Subtropical Trough, and the North
Equatorial Ridge. In both studies, the Trough is the location of the minimum in
RMS differences, probably because of the very weak vertical gradients found in
the Subtropical Mode Water there (see Fig. 4). In both studies, the Kuroshio Ridge
and the North Equatorial Ridge were approximate locations of regional maximum
RMS differences.
Concerning interannual variability, the first two empirical functions of BPE explained nearly 70% of the total interannual variance in BPE from 1950-1910,
while in this study the first two empirical functions of dynamic height explain only
42% of the total interannual variance from 1954-1974. This difference arises
from the increased spatial and temporal variability found in the latter study. The
first empirical function from White (1977) registered maximum positive change
along the northern flank of the Kurosbio Ridge east of 145E, out of phase with that
on the North Equatorial Ridge. This pattern had a time sequence of weighting c<refficients with troughs in 1958, 1964 and 1967, together with a downtrend from
1954-1969 that went through a zero crossing near 1962-63. Both the trend and
2-3 year time phasing in the time sequence of weighting coefficients are similar to
those properties found in the first empirical function of dynamic height variability
shown in Figure 7, while the spatial phasing and again the 2-3 year time scale phasing is similar to that on the third empirical function. The second empirical function
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from White (1977) showed the North Equatorial Ridge to be negative and out of
phase with the Subtropical Trough on the north, with a time sequence of weighting
coefficients that had troughs in 1957 and 1966. Both the time sequence of weighting coefficients and the spatial patterns of this function are similar to the second
empirical function of dynamic height variability shown in Figure 7.
In the common region of both studies similar information is found; i.e., the subgyre north of 17.5N formed by the Kuroshio Ridge, the Subtropical Trough and
the North Equatorial Ridge became stronger and weaker in symmetric fashion, the
trough in between out of phase with the two ridges on either side. White (1977)
finds this particular pattern of variability east of 170E to break down because of
the disappearance of this subgyre system, but the present work finds this pattern of
variability maintained westward into the Philippine Sea, where this subgyre system
is more pronounced.
9. Geostrophic surface current indices

The geostrophic surface speed of the major zonal current systems of the North
Pacific at 155E are computed (shown in Fig. 8) for the North Equatorial Countercurrent (5-7.5N), the North Equatorial Current (10-15N), and the Subtropical
Countercurrent (17.5-25N). Indices for the Kuroshio and Kuroshio Countercurrent are not constructed because, as was stated earlier, these currents have not been
resolved very well by this large-scale analysis.
The strength of the two eastward surface currents (i.e., the North Equatorial
Countercurrent and Subtropical Countercurrent) were generally out of phase with
oile another (correlated -.31 at zero lag), the latter showing a range of magnitude
that was approximately ± 20% of the mean, with the former showing a range of
magnitude of only ± 10% of the mean. The Subtropical Countercurrent had high
speeds in 1957-58, 1960-61, 1963-64, 1970-71 and 1973-74, while the North
Equatorial Countercurrent had low speeds in those years. In the work by White et
al. (1978) on the interannual variability of the Subtropical Countercurrent, this scale
and time phasing of the secular variability was seen to have been zonally coherent
from 130E-170E. This may not have been true of the North Equatorial Countercurrent, shortly to be discussed.
The strength of the North Equatorial Current was generally out of phase with
that of the North Equatorial Countercurrent (correlated at zero lag with -.41),
but in phase with the strength of the Subtropical Countercurrent (correlated at
zero lag with +.64), showing about the same magnitude (i.e., a range of approximately ± 15 % about the mean) as both eastward surface currents. It shows peak
speeds in the years 1957-58, 1963-64, 1970-71, and 1973-74.
At this point a note of caution should be given concerning the absolute magnitude of these indices. Due to the grossly smoothed character of these annual mean
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Figure 8. Zonal current indices from 1954-74 of the North Equatorial Countercurrent between
5-7.5N, the North Equatorial Current between 10-15N, and the Subtropical Countercurrent
between 17.5-25N, computed from annual surface dynamic height (0 / 400 db) along 155£.
The scales have been inverted in some cases to enhance visual correlation.

surface dynamic height fields, the current strengths are here much less than would
be computed from individual cruise data. White et al. (1978) compared the Subtropical Countercurrent index to one constructed from individual hydrographic
cruise data of the R.V. RYOFU MARV along 137E for the time period 1967-74,
finding differences in the mean of about half an order of magnitude. However,
this mismatch in mean value did not prohibit both the percent changes in magnitude and the time phasing from agreeing rather closely.
It is important to compare the interannual variability in these indices with those
found in previous works. Concerning the equatorial and tropical currents, Wyrtki
(1979) used sea level data in the central tropical Pacific, located primarily between
the longitudes of 150W-180, to construct 25-year time sequences (i.e., on a monthly and yearly basis) of the variability of both the North Equatorial Current and
the North Equatorial Countercurrent (Fig. 9). On the interannual scale, Vvyrtki
finds a similar 2-3 year time scale of variability, with the North Equatorial Current
showing an approximate ± 25 % range of variability about the mean and with the
North Equatorial Countercurrent showing ± 12 % range. Moreover, the North
Equatorial Current displayed peak values of surface speed in 1957-59, 1963-66,
1968-69, and 1972. These results are similar to those of this work, with one major
difference: in the central North Pacific, the strengths of the North Equatorial Current and the North Equatorial Countercurrent fluctuated in phase with one another,
the opposite of that found by this study in the western North Pacific. There is some
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Figure 9. Zonal current indices from 1954-1974 of the North Equatorial Current and the
North Equatorial Countercurrent (Wyrtki, 1979) for the Central Equatorial Pacific and of
the Kuroshio (Nitani, 1975) south of Japan.

suggestion in the first and second empirical functions of Figure 7 that, indeed, east
of 160-1 70E the strength of the North Equatorial Current may be in phase with
that of the Countercurrent. A reason for this change in phase east of 160-170E
cannot presently be given.
It is also important to compare the tropical zonal current indices in Figure 8
with those at mid-latitude. White (1975) computed an index of the large-scale
transport of the Subtropical Gyre from 19 50-70 based upon selected hydro graphic
data. At the same time, Nitani (1975) had computed an index (shown in Fig. 9)
of the surface speed of the Kuroshio south of Japan from 1951-1972, determined
from routine meridional hydrographic sections off Enshunada. White (1977) was
able to show that both of these indices were correlated, being of higher intensity
during 1957-58, 1963-66 and, in the latter time sequence, from 1971-72. Moreover,
each showed a maximum range in magnitude of about ± 20% of the mean. While
the magnitudes are somewhat larger than in this study, the time phasing of these
indices are very similar to those found in Figure 8 for the North Equatorial Current
and the South Equatorial Countercurrent. This agreement indicates that the
strength of the major currents of the Subtropical Gyre in the western North Pacific
fluctuated approximately in phase with one another over this time period, with
about the same maximum range (i.e., ± 10-20%) of variability.
10. Summary of results

Recognizing temperature as an alias of specific volume, the baroclinic structure
was mapped over the region 0-35N, 130E-180 from the sea surface to 400 m depth
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on an annual basis from 1954-1974. From this information, the dynamic height
at the sea surface was calculated over the region, and the geostrophic surface currents determined, leading to the development of time varying indices on the strength
of the major zonal current systems in the region.
The results of the study are outlined below:
1. The strength of the Kuroshio, the Subtropical Countercurrent and the North
Equatorial Current fluctuated in phase with one another from 1954-1974
(i.e., with peak speeds during 1957-58, 1963-66, 1970-71) with a time scale
of approximately three years and a maximum range in magnitude of
± 10-25 % about the mean. These three currents fluctuated directly out of
phase with the strength of the North Equatorial Countercurrent at 155E,
but in phase with the North Equatorial Countercurrent east of 180°.
2. The RMS dynamic height differences from 1954-1974 were larger in the
west than in the east at all latitudes and formed regional maximum on or
near the Kuroshio Ridge (near 30N), the North Equatorial Ridge (near 15N)
and the Equatorial Ridge (near 2.5N). A region of minimum RMS variability
occurred near the Subtropical Trough between 20-30N, and to a lesser degree, near the Countercurrent Trough between 5-lON.
3. Principal patterns of spatial variability of the surface dynamic height field in
the region south of 17.5N had the Equatorial Ridge fluctuating out of phase
with the North Equatorial Ridge, with the same time scale and time phasing
as the major current indices. This accounts for the fact that the North
Equatorial Current fluctuated out of phase with the North Equatorial Countercurrent. No clear relationship existed between those two ridges and the
Countercurrent Trough in between.
4. Principal patterns of spatial variability of the surface dynamic height field in
the region north of 17.5N had the North Equatorial Ridge and the Kuroshio
Ridge fluctuating in phase with one another, but out of phase with the Subtropical Trough in between, with the same time scale and time phasing in
the major current indices. This accounts for the fact that the North Equatorial
Current, the Subtropical Countercurrent and the Kuroshio fluctuated in
phase with one another from 1954 to 1972.
5. The interannual RMS temperature differences from 1954-1974 were nearly
uniform with depth in the Subtropical Mode water between 20-30N, but
south of there were largest in the main thermocline between 100-300
m. North of 30N in the vicinity of the Kuroshio a regional maximum occurred
in the main thermocline deeper than 300 m.
6. A major portion (i.e., approximately 25%) of the RMS surface dynamic
height differences occurred in a trend, nearly uniform over the entire western
North Pacific (thereby having little effect upon the current indices) and de-
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creasing steadily from 1954-1972. The amplitude of the decrease in dynamic
height was 2-4 dynamic cm and was associated with a decrease in temperature in the main thermocline. There is some suggestion that it was masked
at the sea surface by an increasing temperature trend.
7. A major portion (i.e., greater than 25%) of the RMS dynamic height differences was associated with El Nino events found in the eastern tropical Pacific
by Wyrtki (1975b). A characteristic signature for the three major El Nino
events (i.e., 1957, 1965, 1972) in the western North Pacific finds lower than
normal dynamic height values confined to the equatorial region west of 155E
during El Nino years, intensifying and spreading north and east during the
following year.
In the near future, the authors plan to pursue two different analyses with this
set of maps. One is to examine the downward and horizontal propagation of the
interannual signal, while the other is to begin an interrelated analysis with the surface wind field over the western North Pacific. This latter work is suggested by
that of Wright (1977), who has found variability in the large-scale atmospheric
indices similar to that reported here in the baroclinic gyre structure.
APPENDIX
The dynamic height is calculated as the vertical integral of specific volume over the upper
400 m, estimated from an equation of state that used observed temperatures together with a
constant salinity value (34.5%0). This procedure is described in detail in the Appendix to
White, et al. (1978). In this way the individual annual mean maps of dynamic height were
computed from those of temperature, the latter mapped at depths of O m, 50 m, 100 m, 150
m, 200 m, 300 m, and 400 m by White and Wylie (1977). This same procedure was used to
compute the annual long-term mean dynamic height map (Fig. 6 in the main body of the
text) from that of temperature over the upper 400 meters. The anomaly maps shown in
Figure IO are the difference between the annual long-term mean and the individual annual
mean for each year.
The accuracy of these maps at any grid point is ± 1.5 dyn amic cm, slightly bigger than
the contour interval (i.e., 1 dyn cm) . This error arises from two sources. One is the neglect of
salinity in the equation of state and the other is the mapping error in temperature. White, et al.
(1978) found that seasonal and interannual salinity variations rarely exceeded ± .2%. over the
entire latitudinal range of the area, confined principally to the upper 100 m. This produces an
error in dynamic height of ± 1.5 dynamic cm, the same as that induced by the RMS interpolation error in temperature (i.e., ± .25°C). The amplitude depicted by the contours increases over the 21-year period due to the general increase in data density over this time
period (White and Wylie, 1977), however this in no way influences the general trend that can
be seen in these maps. Caution must be exercised when interpreting these maps in the vicinity
of the western boundary region because the currents there have a scale much smaller than
that the grid point resolution (2.5 ° latitude by 5° longitude). However, in the interior ocean
away from the western boundary, the larger anomalous centers can be considered fairly well
resolved in space, again within the restriction of the error bars which precludes serious considerarion of many of the details of the maps. Very often, the change in dynamic height from
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Figure 10. Anomalous distributions of dynamic height (0/ 400 db) computed for each year
from 1954-1974 from temperature data as explained in the appendix. Units are dynamic cm.
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one map to the other is not well resolved by this one year time resolution, but this could not
be helped if the entire 21 year period of data was to be shown. Higher temporal resolution
(i.e., seasonal) in temperature can be found in White and Wylie (1977) for the period 19641974.
REFERENCES
Gandin, L. 1963. Objective analysis of meteorological fields. Gidrometeorologicheskoe
lzdatel'stvo, Leningrad, USSR. 286 pp.
Japanese Oceanographic Data Center. 1975. Marine environmental atlas of the Northwest
Pacific. Japan Hydrographic Association, Tokyo.
Lorenz, E. 1959. Empirical orthogonal functions and statistical weather prediction. Report
No. 1, Statistical Forecasting Project, Dept. Meteor., M.I.T.
Nitani, H. 1975. Variation of the Kuroshio south of Japan. J. Oceanogr. Soc. Japan, 31, 16-35.
USSR Navy. 1976. Atlas of the oceans: Pacific Ocean. Pergamon Press Ltd., Oxford, England,
302 pp.
White, W. 1975. Secular variability in the large-scale baroclinic transport of the North Pacific
from 1950-1970. J. Mar. Res., 33, 144-155.
- ·- 1977. Secular variability in the baroclinic structure of the interior North Pacific from
1950-1970. J. Mar. Res., 35, 587-607.
White, W. and R. Wylie. 1977. Annual and seasonal maps of residual temperature in the
upper waters of the western North Pacific from 1954-1974. Scripps Inst. Oceanogr., SIO
Ref. 77-28, 41 pp.
White, W., K. Hasunuma, and H. Solomon. 1978. Large-scale seasonal and secular variability
of the Subtropical Front in the western North Pacific from 1954-1974. J. Geophys. Res., 83,
4531-4544.
Wright, P. 1977. The Southern Oscillation, patterns and mechanisms of the teleconnections
and the persistence. Hawaii Inst. Geophys. HIG 77-15, 107 pp.
Wyrtki, K. 1975a. Fluctuation of the dynamic topography of the Pacific Ocean. J. Phys.
Oceanogr., 5, 450-459.
- - 1975b. El Nino-the dynamic response of the equatorial Pacific Ocean to atmospheric
forcing. J. Phys. Oceanogr., 5, 527-584.
- - 1979. Sea level variations: monitoring the breath of the Pacific. EOS, 60, 25-27.

Received: 5 June, 1979; revised : 20 May, 1980.

