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ABSTRACT

Over the eight years of expendable bathythermograph observations from merchant ship transits
between San Francisco and Honolulu have been analyzed to determine the nature of subsurface tem-
perature anomalies. The irregularly distributed data were interpolated for 0, 90, 170 and 400 m by an
objective analysis and then contoured. Statistical properties which had to be computed for the gridding
procedure are described and presented.

The statistical properties and anomaly patterns in the upper layers are contrastingly different
from those in the main thermocline and below. In the upper layers the significant correlation of anomalies
is limited to time separation of less than 40 days, but extends to distance separations beyond 900 km. At the
170 m level in the main thermocline, anomalies are correlated to 100 days, but extend to only 190 km. The
standard deviation increases from the surface to 170 m and then decreases to a minimum at 500 m. The
peak of the standard deviation at a level shifts west as depth increases. Vertical correlations reveal
that temperature anomalies at the surface are uncorrelated with those in the main thermocline. The main
thermocline anomalies move along the route toward Honolulu at about 2.9 cm s~', which is suggestive

247

of baroclinic Rossby waves.

1. Introduction

The western parts of oceans have traditionally re-
ceived more interest than the eastern. This is prob-
ably due to the more intense features in the western
areas such as the western boundary currents and,
more recently, the discovery of vigorous eddies.
However, understanding of the eastern oceanic
processes is necessary to make a complete picture of
the oceans. .

Some studies of temperature anomalies in the sur-
face layers have been made in the eastern North
Pacific. Namias (1975) has shown that the lower
atmosphere greatly influences the upper ocean
thermal structure. Clark (1972) points out a close
association between anomalous surface temperature
and atmospheric heat transfer and advection due to
wind-driven currents. Emery (1975), in a study of
temperature anomalies near the San Francisco to
Honolulu cross section, noted the independence of
the surface and deeper layers. These works show
that meteorological processes tend to dominate the
surface layers but do not directly affect the deeper
layers.

! Through 1974 with National Marine Fisheries, Southwest
Fisheries Center, La Jolla, Calif. 92038.
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Indications of the complexities of anomalies in the
subsurface layers in the central North Pacific have
been made by Bernstein and White (1974). They
have described the complexities as mesoscale
thermal activity with time scales of 100 days and 500
km. They concluded that these mesoscale variations
could be baroclinic eddies. Bernstein et al. (1977)
have documented mesoscale eddy formation in the
California Current with satellite observations.

In this study, we examine the nature of tempera-
ture anomalies in an extensive series of expendable
bathythermograph (XBT) observations on or near
the great circle route between Honolulu and San
Francisco (Fig. 1). Anomalies of temperature from
the mean seasonal cycle were calculated, and their
standard deviations and time-space correlations
computed. Using these parameters, the temperature
anomalies were gridded by an objective analysis pro-
gram and contoured. Here we present some of the
statistical properties of the anomalies and their
time-distance distributions along the route at the sur-
face and three characteristic subsurface levels.

2. Background of the area

We briefly review the surface water masses and
currents in the eastern North Pacific Ocean. We
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Fi16. 1. The great circle route between Honolulu and San
Francisco (solid line) where the XBT sections were taken. Sur-
face water masses are shown schematically (after Saur, 1974).

use a system of classification found in Roden (1971,
1975), Lynn and Laurs (1974), Saur (1974) and
Laurs and Lynn (1975), given in Fig. 1. The upper
ocean waters are divided into three major zones.
Cool, low-salinity water occurs off the California
coast. This water is of subarctic origin but is modi-
fied as it flows southeastward along the coast.
Farther to the west is the warm, high-salinity,
eastern North Pacific central water. These two
water masses are separated by a transition zone
which is complex and not fully understood.

The average currents are generally from the north-
west at 1-2 n mi day™! (2-4 c¢m s™!), according to
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Fic. 2. Distribution of XBT observations at the surface, June
1966— December 1974. Distance on this and other figures is meas-
ured by great circle distance from a reference point near
Honolulu.
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Sverdrup et al. (1942), and would be nearly normal
to the XBT sections. But the Climatological and
Oceanographic Atlas for Mariners (U.S. Navy
Hydrographic Office, 1961) shows a clockwise cur-
rent gyre during the summer that extends from

-Honolulu to half the distance to San Francisco.

From oceanographic observations in June of the
years 1971-76, Lynn (personal communication) has
often found strong but variable filaments of geo-
strophic current at the boundaries of the transition
zone. Otherwise, information regarding detailed cur-
rent patterns in this part of the eastern North Pacific
is minimal.

3. Observations

The time-series of XBT observations analyzed
here were collected under the direction of the Na-
tional Marine Fisheries Service (NMFS). XBT sys-
tems were placed on merchant ships sailing between
San Francisco and Honolulu. The observations were
made by ships’ mates (Saur and Stevens, 1972) in
deep water between Oahu and the edge of the conti-
nental shelf off San Francisco.

The distribution of observations for the period
June 1966—December 1974 is shown in Fig. 2. An
observation is located by its great circle distance
from the reference point (21° 12'N, 157° 42'W) off
the southeast tip of Oahu. With a few exceptions,
one ship making a round trip every three weeks made
all of the observations from June 1966—January
1971. Observations were made about 125 km apart
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Fi1G. 3. Vertical sections of mean temperature (°C) for 1 April
(upper graph) and mid-September (lower graph).
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during transits which took five days one way. Pro-
longed maritime strikes resulted in a sizable data gap
in 1971. In 1972 a faster ship was used which
resulted in an observational transit every two weeks,
but a spacing between observations of about 160 km.
Observations were increased in 1973 by the partici-
pation of more ships and intense coverage was ob-
tained in 1974.

Methods for obtaining digitized data varied from
automatic recording to subjective reading of analog
outputs during the early years of the project, through
1969. Dorman and Saur (1977) and Saur et al. (1978)
give further details on observations and methods.
Observations for 1970 and later were digitized using
facilities and computers of the Fleet Numerical
Weather Central, Monterey, and following generally
the procedures given by Dale and Stevens (1970),
but modified by D. R. McLain for NMFS purposes.
For all data, preliminary plots of vertical sections
were reviewed to eliminate or correct erroneous
data and the set of 4899 observations was then
compiled for this analysis.
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4. The method of objective analysis

The method of an objectively interpolated analysis
is used to interpolate temperature anomalies 7' from
the irregularly placed observations to regular grid
points. The coordinates of the grid are distance
from Hawaii along the great circle route and time.
An elaboration of the theory may be found in Gandin
(1963) or Alaka and Elvander (1972).

Briefly, the technique computes the correlations
of the temperature anomalies as a function of time
and distance separations, ¢’ and x'. The tempera-
ture anomalies are paired into time and distance
separation groups of m(Af7) = A#/2 and n(Ax)
+ Ax/2. Thus the correlation at group (mn) with L
pairs is

L L L
CORmy = (X T/T/) Y T2 - 2 T, (1)
i,j=1 i=1 =1
where i represents the first member of a pair and j

the second.
This formula gives correlation as a discrete func-
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Fi1G. 4. The mean seasonal variation of temperature (°C) at the surface, 90 m, 170 m and 400 m. Vertical axis
is the great circle distance from Honolulu.
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tion. Since the objective analysis computer program
requires continuous functions we have to take a con-
tinuous function of the form.

C = D exp(—At — Bx) 2)

and fit it to the discrete correlations function just
calculated. Here ¢ is the time separation and x is dis-
tance separation, both of which are always positive.

This statistical fitting was found to be adequate. A
more elaborate fitting of the continuous function to
the discrete correlation function does not improve
the error due to the nature of this data set. When
empirical tests were made by varying the correlation
functions and observing the changes in the analysis,
major changes in the correlation functions resulted
in only minor changes in the objective analysis for
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this data set. For this reason, the simple formula
will be used to perform the objective analysis.

For the objective interpolation of the irregularly
distributed anomalies to the grid system, Eq. (2) is
utilized to find m temperature anomaly points which
have the highest correlation to the grid point P. We
selected m = 8. The value of the anomaly at Pis then

m

r 1
T, = Z o T,
k=1

3)

where a are a set of weighting functions which
satisfy a set of linear equations
8
,21 Ciyoy = Cpy. 4
=

In (4), C;; is the value of the correlations functions
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FiG. 5a. Correlations for selected levels as a function of time separation. Distance separation is less than 41 km. The standard
deviation in degrees Celsius, for each level, is in the upper right-hand corner of each graph. The 0.95 level of significance is estimated

as 0.15.

Fi1G. 5b. As in Fig. 5a except as a function of distance separation. Time separation is less than 5 days.
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between data pointsi andj (C; = 1 wheni =j)and
Cp; is the value of the correlation function for the
time-distance separation between the grid point and
data point i.

Contouring of the objectively gridded anomalies is
carried out by a routine machine program that finds
contour crossings in sub-areas of the array and ar-
rives at a smoothed contour placement. Thke result
is a contoured, objectively gridded temperature
anomaly map.

The advantage of the objective analysis is that it
takes irregularly spaced anomaly data and sys-
tematically arrives at a regular array of values that
can be machine contoured. This type of analysis
reduces the effect of errors and tends to smooth out
the small-scale variability. When there are no data
“‘near’’ a grid point, the value of the anomaly as-
signed to the grid approaches zero. Since this type of
analysis is well suited to the data we used it to pre-
pare the horizontal maps of temperature anomalies.

5. Mean seasonal variation

Mean seasonal variations based on the 1966-74
period have been derived by Saur et al. (1978) using
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least-squares fits of the first three harmonics of a
year at each point in a vertical cross-section grid
(92 km by 10 m). Mean vertical sections are shown in
Fig. 3 for 1 April and mid-September, respectively,
the coolest and warmest times of the year at the
surface. On 1 April throughout most of the section
there is a deep surface layer in which the isotherms
rise abruptly to the surface. On the other hand,
by 15 September the summer warming has created a
thin, warm surface layer with the seasonal thermo-
cline between 60 and 80 m. Some of the charac-
teristics of standard deviations and correlation func-
tions to be shown may be explained by the fact
that the 90 m level is generally in the mixed layer
in winter, but at the base of the seasonal thermo-
cline in summer. Over most of the route the 170 m
level is in the permanent thermocline throughout the
year; and the 400 m level is representative of the
region below the main thermocline.

The spatial and seasonal distributions of the
mean for depths of 0, 90, 170 and 400 m are shown
in Fig. 4. At the surface a seasonal warming and
cooling cycle of 3-5°C is superimposed on a tem-
perature field which increases nearly uniformly
westward. At 90 m the seasonal warming and cool-
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F1G. 6. Standard deviations of temperature anomalies (°C) within a 92 km interval. The change in position of the peak
deviation along the route as the depth increases is apparent.
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ing effects are small and appear primarily in only the
western two-thirds of the route. At 170 m coherent
seasonal effects are absent. A westward positive
temperature gradient dominates which is slightly
stronger in the region of the transition zone between
2000 and 3000 km from Honolulu. At 400 m the
range of temperature over the whole route is only a
few degrees Celsius and the largest gradient is cen-
tered in the area of the subtropical front around 2000
km from Honolulu.

6. Correlation and standard deviation analysis

Temperature anomalies for each observation were
obtained by removing the mean seasonal variations
just described. The temperature anomaly pairs were
correlated from 1974 high density data using the ob-
Jjective analysis method (1). The pairs were grouped
by 92 km distance and 10-day time separations. In
computing the time and space correlations at
selected levels from the surface to 500 m, the mini-
mum number of observational pairs was 1178 at the
surface and 950 at 500 m. If the data in each set
were independent, the 0.95 level of significance
of the correlation coefficients would be 0.08 and 0.09
(Wine, 1964), respectively. However, because they
are not independent (Davis, 1976), the 0.95 level of
significance is estimated to be approximately 0.15.

Figs. 5a and 5b show the discrete correlations
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on the time axis and the distance axis, respectively,
for selected levels from the surface to 500 m. At the
surface the significant time correlation is limited to
30 days, whereas the distance correlation is sig-
nificant beyond 900 km. The time correlation has a
zero crossing around 75 days. In contrast, Roden
and Groves (1960) found the surface tempera-
ture at 25-30°N, 140-145°W to have a significant
correlation of 4 months. But, their longer time corre-
lations are due to longer time averages (monthly)
over a large area (5° square) which causes the time
correlation to be longer (Munk, 1960).

In contrast to the surface is the 170 m layer. The
time correlation at this depth stays weakly positive
up to 100 days while the distance correlation is
significant only to 250 km. This level has the largest
correlation (0.7) of all of the levels within the first
92 km and 10-day separation, and also the largest
standard deviation, but the correlation is not
significantly larger than any other level between 150
and 250 m. The permanent thermocline is located
between these depths over most of the route.

The change in character -of the correlations be-
tween the surface layers and the permanent thermo-
cline begins around the 90 m level. It is the shallow-
est level that the distance correlation approaches
zero at separations of 250 km. The standard devia-
tion at each level increases from the surface to 60 m,
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FiG. 7. Vertical correlations of temperature anomalies for all XBTs in 1974.
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FiG. 8. Objectively gridded surface temperature anomaly patterns, 1966—74. Anomalies below ~1.0°C are
dark and above 1.0°C are cross-hatched. Contours of greater magnitude are omitted.

is the local minimum at 90 m, and then increases
again with depth to 170 m. These changes are caused
by the 90 m layer being mostly in the mixed layer
in the winter but at the base of the seasonal
thermocline in the summer. Below 170 m the shapes
of the correlation curves are similar but the correla-
tion magnitudes and standard, deviations decrease
with increasing depth.

At the 500 m level both the time and distance
correlations are very low except for the rath=r small
rise in distance correlations to 0.4 at 92 and 185 km.
These indicate that the sampling error (noise) within
the first 10-day by 92 km interval is as large as
any signals at longer times or greater distances.

Next we shall consider how the temperature stand-
ard deviation at selected levels varies with location
along the route. A level was divided into 92 km
sections and the standard deviation of the tempera-

ture anomaly was computed for each section using
the high density 1974 data. Fig. 6 shows that the
maximum variability moves westward along the
track as the depth level increases. The maximum
standard deviations in the upper 60 m occur near
San Francisco. At 250 m the maximum variability is
near the Honolulu end of the route. The shift of
maximum variability to the west is associated with
the change in depth of the permanent thermocline.
Internal gravity waves, baroclinic waves, eddies in
the water column and year-to-year changes in
geostrophic currents, all contribute to maximum
standard deviations in the permanent thermocline.
Below 250 m, the peak of the standard deviation
for the level decreases to the point that at 500 m
there is no maximum at all.

Vertical correlations of temperature anomalies for
the 1974 data were also investigated. A particular
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FiG. 9. As in Fig. 8 except for the 90 m temperature anomaly patterns. The 0°C contours are omitted.

level was chosen and the anomaly was paired with
the anomaly at another level in the same XBT, and
correlations computed for the entire set of 1974 ob-
servations. The vertical correlations based at
selected levels are displayed in Fig. 7. As one might
expect, the correlation with surface anomalies dies
out rapidly with increasing depth to 50 m, less
rapidly to 120 m, and is low to insignificant for
depths below 150 m. Anomalies at 120 m and be-
low tend to be correlated with each other, but not
with levels above 50 m. This indicates that we have
a two-layer system with the anomalies above 50 m
behaving differently than those below 120 m, while
the boundary is between 60 and 110 m.

This variation of the correlations and standard
deviations is due to the nature of the levels. The
" deeper levels at 90 m and below are typified by
mesoscales. The surface levels are characterized by
synoptic scales. These scales are different because
of different forcing processes. The broad surface

scales are generated by net surface heat fluxes and
carried along by the general flow (Namias, 1975;
Clark, 1972). The processes which generate meso-
scale anomalies at the deeper depths are presently
unknown.

7. Temperature anomaly maps

We utilized the objective analysis to grid maps and
then contoured time-distance distributions of the
temperature anomalies between San Francisco and
Honolulu from June 1966 to 1974 for selected
levels. The surface, 90, 170 and 400 m levels are
displayed in Figs. 8-11. Additional levels and
greater details may be seen in Dorman and Saur
(1977).

The surface anomaly patterns are shown in Fig. 8.
There anomalies are also typical of the upper few
tens of meters. The surface is dominated by large-
scale features. Most of the anomalies occupy a sig-
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FiG. 10. As in Fig. 8 except for the 170 m temperature anomaly patterns. The 0°C contours are omitted.

nificant portion of the cross section. In 1967, 1973
and 1974 (and, to some extent, 1970) there is a uni-
form sign change in late summer along the route from
San Francisco to three-quarters of the distance to
Honolulu. This corresponds to the time when the
mixed layer begins to deepen slowly after the
summer minimum (see Dorman er al., 1974). In
1971, 1972 and 1974 there is a May sign change along
the track which corresponds to the seasonal de-
velopment of the thermocline. The summer
anomalies have the greatest magnitude. During the
summer, when the mixed layer is shallowest and has
the lowest heat capacity, an anomalous heat flux
into the surface will cause a larger temperature
anomaly than during other times of the year.

The patterns for 90, 170 and 400 m, seen in Figs.
9-11, reveal that the deep anomalies have a three-
dimensional structure. There is a high corre-
spondence of the larger anomaly patterns from 90 to

400 m, as the discussion of vertical correlation
would lead us to expect. The maximum anomalies
are usually near 170 m. By the 400 m depth, the
magnitude of the anomalies is greatly reduced. Care-
ful examination of the larger horizontal patterns re-
veals a movement to the west at ~900 km year™
(2.9 cm s™1). This is about the speed of baroclinic
Rossby waves at these latitudes [detected in this
area by Emery and Magaard (1976)], which sug-
gests there may be some association between these
anomalies and Rossby waves.

A comparison of the surface and deeper level pat-
terns emphasizes the independence of layers. This
was already brought out in the discussion of cor-
relation studies based on one year’s data. However,
the independence of the layers shown there also ap-
pears throughout the 8.5 years of anomaly patterns
Figs. 8~11). The correlation studies disclosed the
different nature of the two-layer system. The maps
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FiG. 11. As in Fig. 8 except for the 400 m temperature anomaly patterns.

underscore this difference. Again we note the sur-
face layers have length scales of synoptic weather
patterns, but the deeper layers have mesoscales.

8. Conclusions

In an effort to learn more about temperature
anomalies in the northeastern Pacific, we took ad-
vantage of unusual XBT data for the great circle
route between Honolulu and San Francisco. A par-
ticularly efficient way to study the data was by
objective analysis. The foundation work for the
analysis included various correlation and mean
studies. With this background, we gridded hori-
zontal anomaly maps.

One of the results of our analysis was the inde-
pendence of the surface and deep layers comple-
menting Emery’s (1975) earlier discovery. The deep
layer has its maximum temperature anomaly varia-

bility in the main thermocline. The surface layer has
significant positive correlations of 30 days and 900
km. These are typical of the synoptic scales. There
were myriad deeper anomalies that had time and dis-
tance correlations of 100 days and 250 km. These
are characteristic of mesoscales. There is some or-
ganized movement to the west at about the same
speed as baroclinic Rossby waves.
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