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Water Structure at Ocean Weather Station V,

Northwestern Pacific Ocean, 1966-71

D. M. HUSBY and G. R. SECKEL'

ABSTRACT

The oceanographic station data obtained at Ocean Weather Station V from 1966 to 1972 by the

U.S. Coast Guard have been analyzed and are presented in a form suitable for water structure studies.

Temperatures, salinities, and depths are given as a function of density (sigma-f). We used harmonic

analysis as a curve-fitting technique, to obtain parameters for these properties as a function of time.

The harmonic coefficients and interpolated values at the first of each month for the 6-year series are

tabulated in an appendix.

We describe the temporal distributions of salinity and depth in terms of the oceanographic setting.

At depths greater than sigma-f 26, temperature-salinity relationships remain relatively constant in

time. Depth variations at these levels are attributed primarily to meanders of the Kuroshio Extension.

The surface divergence, as reflected by changes in the depth of sigma-( 26, has no annual periodicity.

The 6-year record shows that large baroclinic variability occurs at time scales of more than 35 days

with largest variability occurring at the interannual scale.

Heat budget estimates show that the effects of local ocean-atmosphere exchange processes are ob-

scured by advected properties. For example, the heat content of the layer above sigma-(26is primarily

determined by the divergence of this layer and anomalies in the mean temperature are produced by

heat advection rather than heat exchange across the sea surface.

INTRODUCTION

Monitoring and predicting ocean variability in the

fishing areas of the eastern North Pacific are important

problems facing the fishery oceanographer. In contrast

to the global monitoring of the atmosphere at a network

of stations every 6 h, there is no network of monitoring

stations in the oceans. Oceanographers are therefore at-

tempting to infer ocean variability from atmospheric

forcing, i.e., the exchange of momentum, moisture, and

heat between the atmosphere and ocean, that can be

calculated from the regularly observed meteorological

properties. The temperature structure in the upper

layers of the ocean, for example, is affected by heat ex-

change and wind stress as well as by the changing cur-

rent field and diffusion. Inferring ocean variability from

atmospheric forcing, therefore, is not a trivial problem.

Conditioning of the water reaching the eastern North

Pacific Ocean begins in the western North Pacific, an

area characterized by a net annual heat loss across the

sea surface (Husby and Seckel 1975). Thus, studies of

the effects of heat exchange across the sea surface and

wind stress on ocean properties and structure must be

undertaken upstream of the fishing areas if predictions

of anomalous water conditions are to be made. The only

time series of concurrent meteorological and oceano-

graphic data for use in such studies are those that were

obtained at ocean weather stations. One of these, Ocean
Weather Station V (OWS-V) was located at lat. 34°N,

'Pacific Environmental Group, National Marine Fisheries Service,

NOAA, c/o Fleet Numerical Oceanography Center, Monterey, CA 93940.

long. 164°E within the net annual heat loss area that is

of concern to us.

At OWS-V meteorological observations were obtained

from 1951 to 1972 and oceanographic station data from

1966 to 1972. The large-scale air-sea interaction pro-

cesses derived from the station's meteorological data

were described by Husby and Seckel (1975). Our work is

a companion paper in which the oceanographic station

data are presented in a form suitable for studies of the

water structure. Temperatures, salinities, and depths at

selected density (sigma-t) levels are analyzed and

presented as a function of time. Harmonic analysis is

used as a curve-fitting technique, to obtain parameters

for these properties as a function of time. Results of the

analyses are presented in Appendices I and H. Finally,

the time variations in the distribution of properties, the

water structure, are described in terms of the oceano-

graphic setting at OWS-V.

PROCESSING PROCEDURES AND
ANALYSIS

The Data

Oceanographic sampling at OWS-V began in January

1966 with daily Nansen bottle casts by the U.S. Coast

Guard on alternate 3-wk patrols. In March 1968 the

program was expanded to daily observations on each

patrol. The temperature and salinity were sampled at

the sea surface and at the depths of 10, 30, 50, 75, 100,

150, 200, 300, 400, 600, 800, 1,000, and 1,500 m. The
observations and initial data processing methods were

described by Husby (1968).



From 1966 to March 1968 the sampling was intermit-

tent (Fig. 1). Subsequently, until January 1972, daily

sampling became nearly continuous with isolated gaps

of up to 20 days. In addition to the temporal gaps, sta-

tions were occasionally occupied outside the nominal

location, a 10 nautical mile (nmi) square centered on

lat. 34°N, long. 164°E (Fig. 2). We, however, used all

observations within a 60 nmi square centered on this

location. Sixty-seven percent of the stations were oc-

cupied within the 10 nmi square and 95% within the 60

nmi square.

The oceanographic station data were obtained from

the National Oceanographic Data Center (NODC) of

the National Oceanic and Atmospheric Administration

in two different formats: 1) temperature and salinity at

observed and standard (interpolated) depths, and 2)

temperature, salinity, and depth at increments of 0.2

sigma-t (ff, ) units between the surface and the deepest

observation (isentropic format). A cubic spline interpK)-

lation function was used to obtain the values of temper-

ature, salinity, and depth at the desired a, values.^

The Isentropic Format

The study of changes in water properties on surfaces

of constant potential density or a', called isentropic

analysis, was introduced to oceanography by Parr (1938)

and Montgomery (1938) and has been a valuable tool in

descriptive oceanography. The assumptions underlying

isentropic analysis are that mixing or interchange of

water masses on a constant density surface proceed with

a minimum of change in the potential energy and

entropy of the system and that surfaces of constant den-

sity are the preferred surfaces along which mixing oc-

curs. The method has been used in the identification

and tracing of water masses and also lends itself to the

analysis of temporal changes in the water structure as

was done, for example, at OWS-P by Tabata (1965). In

order to pursue the latter aspect of isentropic analysis

the temperature, salinity, and depth are presented as a

function of a, in this report.

Quality Control of Isentropic Data

The initial step of quality control is concerned with

the interpolated temperatures and salinities at

designated o^ values for each station received from

NODC. The spline interpolation function calculates the

temperature and salinity at designated a, values from

the two relationships: 1) observed temperature versus a,

and 2) salinity versus o; with a, as the independent

variable. A a, value was computed from the interpolated

temperature and salinity at each designated (t, using the

relationships (1) and (2). When the calculated a, dif-

fered from the designated by >±0.02 a, units at more

than one level, both interpolated and observed data

were used to plot two temperature-salinity (T-S) dia-

grams for the station. The T-S curve drawn through the

observed values together with the temperature-depth

curve was used to correct the interpolated values ob-

tained from the spline interpKjlation or to determine

whether the station should be rejected. These quality

control procedures frequently had to be used for values

that were erroneously produced by the spline interpwla-

tion because of an inadequate sampling interval in the

vicinity of the salinity minimum (a, 26.8). Out of a total

of 1,067 stations, 496 stations were corrected during this

quality control procedure.

Harmonic Analysis of Isentropic Data

Harmonic analysis was used as a curve-fitting

technique to summarize the daily oceanographic data in

a manner that lends itself to studies of temporal changes

in the water structure. The resulting analytical expres-

sions yield smoothed estimates of the water properties

for any time of the analysis period.

Harmonic (Fourier) analysis was performed on the

isentropic data for each year from 1966 through 1971

with a fundamental period of 366 days beginning on 1

January of one year and ending on 1 January of the next

year. In these data sets, values at the beginning and end

of the annual series were usually not equal and to

facilitate the curve-fitting procedure the harmonic

analyses were performed on the residuals produced by

subtracting the linear trend (day 1 to day 366) from the

observed value:

Rit) = fit) - [/(I) + M-(t -1)] (1)

'Hamilton, D. 1973. Isentropic analysis and spline interpolation.

Natl. Oceanogr. Data Cent. Tech. Rep., 29 p.

where fU) is the value of the property (temperature,

salinity, or depth) at a constant (t, at day t, and t = 1 to

366. The slope of the straight line fitted to the values at

day 1 and day 366 is

M = [/(366) - /(I) 1/365. (2)

The expression for the fitted curve then becomes

E(t) =/(l) + M -(t - I) + F^{t) (3)

where FAt) = A^ + x(a^cos^SI^ + B„ sin ?^\

n = 1,2, . . .k (4)

is the Fourier series derived from the residuals, R(t).

The coefficients A„, i4„, and B„ were evaluated by use of

a standard computer program.

Data gaps in the time series were filled by linear inter-

polation between observed values in order to satisfy the

program requirement of equal time intervals between

data. When no observations were available for the first or

366th day of the year, data from the first (last) actual

station of the year was extrapolated backward (forward)

to the missing day. For the 1969 and 1971 analyses, the

values for the first day were computed from a harmonic
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together with the isentropic data. Examples of these

curves for 1967 (a year with large data gaps) and 1971 (a

year with small data gaps) are shown in Figures 3 and 4.

Questionable values are revealed as large discrepan-

cies from the fitted curve. The questionable values were

usually associated with the previously mentioned poor

vertical sampling interval at individual stations or with

stations that were occupied outside the 60 nmi quad-

rangle about the nominal position of OWS-V (Fig. 2). Us-

ing this quality control procedure, 38 stations were re-

jected from the 6-yr series.

After this quality control procedure the harmonic coef-

ficients were calculated for the temperature, salinity,

and depth at a, levels between 22.0 and 27.4 with inter-

vals of 0.2 a, units, as well as for the surface temperature,

salinity, and a,. Although the analyses were carried out

to the 52d harmonic, resolving fluctuations with a 7-day

duration, only the first 12 harmonic coefficients are listed

in Appendix I. Also listed are the slope M, and initial

values, /(I), for the linear trend at each level. Thus, using

the values of Appendix I in Equation (3), expected values

for any day of the year for any of the given levels can be

obtained.

Because of the seasonal variation in the density of the

upper layers, properties at the lower a, values will not oc-

cur throughout the year. For these situations the dates of

the first and last observation are given in the tabulation

of Appendix I and derived values will be valid only for

the duration bounded by these dates.

Statistical Characteristics of

the Harmonic Analyses

Figures 3 and 4 show qualitatively that the fitted

curves follow the observed values very well, as they

should, because a Fourier series approximation is a least

squares fit regardless of the number of harmonics used in

the summation (Jenkins and Watts 1968). A quantitative

measure of the goodness of fit is provided by the unex-

plained variance.

S, =
f =1

(5)

T-1

Equation (5) is an estimate of the mean square error or

variance of the difference between the observed values

and the Fourier series approximation. With an increas-

ing number of harmonics used in the approximation,

S,., the standard error of the estimate, should decrease.

These quantitative aspects are presented in Table 2 and
illustrated in Figures 5, 6, and 7 by graphs of S,, as a

function of the number of harmonics used in the

analyses of the temperature, salinity, and depth for

1971.

Considering the temperature and salinity graphs (Figs.

5, 6) first, there is a marked reduction in S, at the shal-

lower levels as n increases to 6, 6\. then decreases slowly

with increasing n. For example, at a, 25.2, S,. for the

temperature is 0.28°C at « = 1, 0.135°C at n = 6, and
0.12°C at n = 20. In the deeper layers the decrease in S^

with increasing harmonic used in the fitting procedure is

relatively small. For example, at a, 26.4, S, for the

temperature is 0.13°C at n = 1, 0.115°C at n = 6 and
0.11°C at n = 20. The greater variability of the prop-

erties at the shallower levels may reflect, in part, low fre-

quency variability in the air-sea interaction processes

directly affecting the upper layer of the ocean to approxi-

mately the (T, 25.8 level.

Figure 7 shows that the standard error of estimate for

Table 2.—Standard errors of estimate. S, . for Fourier series summations (n = 12) on a, 25.0-27.4 levels of temperature, °C, (upper

panel); salinity, */.., (middle panel); and depth, m, (lower panel). 5^ was computed only for times of actual observations, exclud-

ing interpolated values, 1966-71.
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Figure 7.—Standard errors of estimate for harmonic fit of the 1971 depths at o, 25 to a, 25.8 (left panel) and
at (T, 26 to i;, 27 (right panel).

the depth is relatively large at all levels for low har-

monics. At the 26.0, 26.2, and 26.4 <t, levels significant

improvement in the standard error continues up to n =

10. Relatively high variance at (t, 26.6, 26.8 and 27 for

n = 6 indicates that low frequency baroclinicity, proba-

bly caused by eddies and current meanders, penetrates

deeper than 800 m. S^ approaches an asymptotic value of

about 20 m in the deeper a, layers indicating the magni-

tude of the residual variance associated with short-term

variability and sampling error.

One would assume that the variance of temperature

and salinity decreases with increasing a, . Figures 5 and 6

and the tabulated variances of the temperature and
salinity (Table 2) show that this assumption is not cor-

rect. There is a tendency for S^ to decline from higher

values in the upper layers to lower values at o, 25.8 or

26.2, then to rise again to higher values at o; 26.4, 26.6,

or 26.8 before finally declining to the lowest values at cr,

27, 27.2, and 27.4. In other words, the T-S relationships

are less variable below the level of seasonal influence

than in the deeper layers at and above the salinity

minimum. The reason for this curious tendency may be

the uncertainty in the T-S relationship introduced by

the inadequate vertical sampling interval (200 m at a,

Figure 6.—Standard errors of estimate for harmonic fit of the 1971

salinities at a^ 25 to cr, 25.8 (left panel) and at a, 26 to 7, 27 (right pan-

el).

26.4-26.8) that was previously mentioned. It is also pos-

sible that the relatively large variance at the ct, 26.4-26.8

levels reflects active mixing of water masses upstream.

Depths derived from the harmonic curve fitting can

produce density inversions in the seasonal pycnocline

during spring and summer months. These inversions are

small and are due to the uncertainty of the harmonic fit

being of the same order of magnitude as the depth incre-

ment between cr, levels. The depth intervals between

successive <t, levels from the surface to the a, 25.2 level

range from 1 to 5 m. The standard errors of estimate

listed in Table 2 generally are larger than these values

and range from 5 to 14 m. These uncertainties in the

depth estimates are unavoidable with the method

employed, but the errors produced in computations of

the integrated properties of the water column, e.g.,

mean temperature or heat content, will not be large

since the depth increments in the upper layer are so

small. The levels producing inversions can be deleted in

these computations without significantly affecting the

results. For example, consider the mean temperature of

the water column from the surface to the 0; 26.0 level on 2

days at OWS-V representing summer conditions, 1

September 1969 (Fig. 8) and 1 July 1971 (Fig. 9). The ex-

pected depth values for 1 September 1969 revealed an in-

version at (T, 22.8 and 23.0. Deleting these two levels, the

mean temperature was calculated to be 17.20°C, com-

pared with a value of 17.24°C calculated from the

11
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Figure 8.—Temperature-salinity diagram for day 244 (1 September

1969) based on original isentropic data (o) with temperature-salinit\-

values from the harmonic fit (x). The numerals give the depth in

meters for the original isentropic data. The numbers in parentheses

represent the difference between the depth of the original isentropic

values and those from the harmonic fit.

original isentropic data. For 1 July 1971 the expected

isentropic values showed no inversions, but the com-

parison was made by deleting the u, 24.0 and a^ 24.2

levels at 3 and 9 m, respectively, giving a mean
temperature of 15.31 °C, which was identical with that

calculated from the original isentropic data and com-

pared with 15.25°C before the data were deleted.

Sampling Gaps

Figure 1 shows that there were gaps lasting up to

several months in the oceanographic data series. From
1966 to the winter of 1968 oceanographic stations at

OWS-V were occupied only on alternate Coast Guard
patrols. Subsequent to this time there were gaps of up to



extrapolated backwards to day 1. Consequently, ex-

pected values for day 1 through day 60 have no validity.

Interpolated values could have been obtained if the har-

monic analyses were carried out from July 1967 to July

1968. A 90-day gap, however, permits meaningful sum-

mation only to R = 2 in Equation (3) which, as is evident

from Figures 5, 6, and 7, would resolve only a small por-

tion of the variance.

After the winter of 1968, the longest gap in the data

series of about 20 days occurred in 1969, limiting signifi-

cant interpolation for this gap to n = 9 in the summa-
tion of Equation (4). In general, all coefficients to n = 12

that are tabulated in Appendix I can be used to evaluate

the harmonic function for time spans, including those in

1966 and 1967, where data gaps are 15 days or less.

Results of the Harmonic Analyses

Within the limitations discussed in the previous sec-

tion the harmonic coefficients tabulated in Appendix I

can be used in Equation (3) to obtain smoothed values of

the temperature, salinity, and depth at any of the desig-

nated levels from the sea surface to ct, 27.4. This calcula-

tion was performed and the results were tabulated in Ap-
pendix II for the first of each month of each of the years

1966 through 1971. The values for the 1966 and 1967

periods were computed by summing the harmonic series

to the 3d harmonic, while the values for the succeeding

years were computed to the 12th harmonic. In addition,

the values for the 366th day for each analysis period are

included to allow the month-to-month changes in prop-

erties to be computed for the entire year. Because har-

monic analyses were performed for individual years, the

expected values on the 366th day of one year may not

match up with the corresponding values on the first day
of the following year.

In order to facilitate the computation of dynamic
heights at the surface and acceleration potentials at ct,

levels relative to 1,000 dB, interpolated temperatures,

salinities, and a, values at 1,000 m are included in the

tabulations of Appendix II.

OCEANOGRAPHIC CONDITIONS AT
OWS-V

The Oceanographic Setting

In addition to heat exchange and wind induced flow

processes, variability in surface properties and vertical

structure is affected by shifts of the ocean system

relative to the geographically fixed location, variations

in the intensity of currents, and eddies. A description of

the oceanographic setting of OWS-V, therefore, will aid

qualitative interpretations of the low frequency oceano-

graphic variations in the time series presented in this

report.

OWS-V is located in waters downstream of the

Kuroshio, called the Kuroshio Extension (Sverdrup et

al. 1942). Summaries of the oceanographic conditions of

this region have been given by Masuzawa (1972) and

Kawai (1972). These articles supplement the earlier

work of Fleming (1955), Muromtsev (1958), Uda (1963),

Barkley (1968), and others.

The surface distributions of temperature and salinity

of the North Pacific Ocean have been presented in

numerous atlases and other publications such as that

produced by the Japan Hydrographic Association

(1975). These show that isopleths of temperature and
salinity are generally zonal in the vicinity of OWS-V.
Meridional temperature gradients range from about

0.4°C per degree of latitude in summer to 0.9°C per de-

gree of latitude in winter. Salinities at OWS-V tend to

be highest in late winter and early spring when the

meridional gradient is about 0.04%. per degree of

latitude. Lowest salinities occur from July to October

when the meridional gradient is about 0.09%. per degree

of latitude.

Charts of the dynamic topography of the North
Pacific Ocean prepared by Reid (1961) and Wyrtki

(1975) show that OWS-V is located in the eastward ex-

tension of the Kuroshio. These charts, however, are

based on smoothed, long-term averages and do not ex-

hibit the nature of the flow near OWS-V that mate-

rially affects the variability of oceanographic properties

at the station. The dynamic topography presented by

Kawai (1972), based on observations during the summer
and fall of 1957, is reproduced in Figure 10. The tightly

packed isopleths of dynamic height show the meander-
ing nature of the Kuroshio Extension between lat. 32°

and 38°N. Eddies abound both to the south and to the

north of this current.

The existence of eddylike features associated with the

Kuroshio current system has been well documented in

the literature. The confluence area of the Kuroshio and
Oyashio has been called the "Transition Area" by Uda
(1938) or the "Perturbed Area" by Kawai (1972).

Barkley (1968) drew attention to the eddy structure of

this area, and Bernstein and White (1977) have shown
that the baroclinic mesoscale eddy energy in this ju-ea is

an order of magnitude higher than that east of long.

170°W.

In the illustration (Fig. 10), OWS-V is located within

the meandering current. It is conceivable that at various

times the current could pass either to the north or to the

south of the station, but OWS-V would remain in an

area of eddy-induced variability. This variability makes
analysis of the vertical temperature and salinity dis-

tribution difficult if these properties are presented as a

function of depth. However, if these properties are

presented as a function of density (isentropic format)

current and eddy-induced variability is reflected only in

the depth distribution of isopycnals.

Meridional and zonal sections of the salinity and
depth as a function of o; are useful in describing the

baroclinic setting. A meridional section of hydrographic

stations was occupied in April 1971 at long. 168°E
(Roden 1972). Although this section lies to the east of

OWS-V, it reflects the characteristic meridional distri-

butions to be found at the longitude of the station. The
dominant feature in the salinity section (Fig. 11, upper

13



Figure 10.—Dynamic topography (dynamic meters) of the sea surface relative to the 1,000 decibar surface derived from selected stations dur-

ing the summer of 1957 (from Kawai 1972). The location of Ocean Weather Station V is denoted by an "X".

panel) is the constancy of a, of the salinity minimum
layer. This layer protrudes southward from the subarc-

tic front between lat. 41° and 42°N and is identified

with the North Pacific intermediate water (Sverdrup et

al. 1942; Reid 1965). During the time of this section, at

the latitude of OWS-V, the salinity decreased

monotonically from the surface to the depth of the

salinity minimum. Farther south, however, shallow

salinity maxima occurred.

The distribution of depth as a function of a, in the sec-

tion (Fig. 11, middle panel) reflects the baroclinicity of

the zonal flow and embedded eddies. The bottom panel

of Figure 11 shows that the principal zonal geostrophic

flow occurs between lat. 29° and 35°N. Given the

meandering nature of this current (Fig. 10) it is p)ossible

that the vertical density structure at OWS-V may be

similar to that found within, to the north, or to the south

of the current.

Useful zonal sections have been produced by

Masuzawa (1972) from a selection of 18 stations during

the summer season on the south side of the Kuroshio

and Kuroshio Extension. The distribution of ther-

mosteric anomaly versus depth and salinity versus ther-

mosteric anomaly are reproduced in Figure 12. [Surfaces

of thermosteric anomaly are parallel to surfaces of a,

(Montgomery and Wooster 1954).] The middle portion

of this section from long. 130° to 170°E runs along

approximately lat. 32°N. Note the differences in the dis-

tribution of salinity above a, 26.0. East of long. 165°E

the highest salinities occur at or near the surface, iden-

tifying the North Pacific central water. West of long.

160°E a shallow salinity maximum occurs at about o;

25. This subtropical water structure with relatively low

salinity surface water is characteristic of the Kuroshio

during summer (Masuzawa 1972). At the longitude of

OWS-V, the thermosteric anomaly of 200 cl/f (about a,

26) is at 500 m (Fig. 12), but at long. 168°E and at the

same latitude as OWS-V a, 26 is near 200 m (Fig. 11).

This difference is consistent with the meanders of the

current shown in Figure 10.

Variability and Structure 1966-71

The seasonal variability of the sea surface

temperature and salinity for the 6 years of hydro-

graphic observations are shown in the T-S diagrams of

Figure 13. Six-year averages provide the reference T-S

relationships with temperatures ranging from about

16°C in March to 26°C in August and salinities ranging

from about 34.73%. in April to 34.437.. in September.

Departures from the average pattern during each year

appear to be more pronounced in the salinity than in the

temperature. For example, from June to December 1966

salinities were up to 0.2%. higher. Higher salinities also

occurred during spring and early summer of 1968.

Salinities were lower than the average during much of

the summer and fall of 1969 and again from June to

August of 1971.

A major departure from the average temperature,

lasting several months, occurred in 1969-70.

Temperatures were 1°C or more below average from

Figure 11.— Meridional sections, lat. 21° to 42''N, long. 168°E, based

on B7 STD stations occupied 3-11 .April 1971. Upper panel: Salinity

(7..) vs. (7, values. Middle panel: Depth (m) vs. <r, values. Bottom

panel: Dynamic topography (dyn. m.) at the sea surface relative to

1,000 decibar surface.
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Figure 12.—Section of salinity (7.=) versus tliermosteric anomaly (cl t ') along right-hand edge of Kuroshio

(upper panel). Section of thermosteric anomaU' versus depth (m) along right-hand edge of Kuroshio (lower

panel). (From Masuzav\-a 1972.)

September 1969 to June 1970. In March 1970 the sea-

surface temperature was 2.5°C below the 6 yr average.

Above-average temperatures occurred in the winters of

1966 and 1969.

The time variability in the vertical structure at OWS-
V as reflected by the smoothed isopleths of salinity and

depth versus ct, is shown in Figure 14. Harmonic func-

tions were evaluated at the first of each month using 12

harmonics for 1968-71 and only the first 3 harmonics for

1966 and 1967. The isopleths of salinity and depth are

not shown for the time from 1 November 1967 to 1

March 1968 due to the large data gap during this time.

However, the expected surface salinity and density for

day 331 of 1967 and days 1 and 31 of 1968 are plotted and

were derived from the harmonic coefficients for the sur-

face temperature and salinity at OWS-V (Yong 1971).

The common feature for all years in the isentropic

salinity distribution is the constancy of salinity versus a

,

at depths below the a, 26 level reflecting a constancy of

T-S relationships. Note the constancy of the salinity

minimum layer at a, 26.8, a feature that was also ap-

parent in both the meridional and zonal sections shown

in Figures 11 and 12.

Time variability in the salinity becomes pronounced

above the a, 26 level and is associated, in part, with the

seasonal change in the surface density. Maximum den-

sity at the surface occurs in March or April and

minimum density in August or September. In 1970, for

example, the maximum surface density was only a little

less than a, 26. During the summer when the surface

salinity is lower than in winter, a subsurface salinity

maximum forms. In winter the highest salinity of 34.6 or

34.7%. occurs at the surface. The structure of the subsur-

face salinity maximum is variable and may appear as

16
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Figure 13.—Monthly mean surface temperature-salinity relationships at Ocean Weather Station V, 1966-71, connected by dashed lines. Arabic

numerals represent months. Solid line connects 6-yr mean values. Roman numerals on the 1966 plot give months for the mean values.

well-developed cells as in June to August 1968, August

1969, and November 1971.

The baroclinicity of the area is reflected by the depth

of cr, levels. Time variability penetrates to the a, level.

The depth of a, 26, the level below the seasonal

temperature and salinity variability, ranges from about

200 to 400 m. These depth changes are not seasonal but

show longer term variations. For example, during much
of 1966 a, 26 was deeper than 300 m; during 1970 it

remained near 200 m. Superimposed on these variations

are perturbations of several months duration as in July

to September 1969. Amplitudes of the harmonic series,

C„ = (Ai + B;)"- , of the depth of the ff, 26 level for the

entire 6-yr record (Fig. 15) show that the greatest por-

tion of the variance, C„ >30 m; occurs on the interan-

nual time scale. Beyond the 39th harmonic (56 day
period) the absolute magnitudes of the amplitudes re-

main <10 m. Thus, changes in the depth of the pycno-

cline, as reflected by the a, 26 level, are climate-scale

phenomena.

In terms of the oceanographic setting of OWS-V, the

depth variations reflect north-south shifts of the

Kuroshio Extension and/or passage of baroclinic eddies.

The salinity variability above the a, 26 level permits

qualitative interpretation of the observed depth
changes. Whenever the depth of a, 26 increases to >300
m (see dashed lines in salinity sections. Fig. 14) there is

a concurrent increase in the salinity of the shallow max-
imum, and during the winter, an increase in the surface

salinity. Increases in depths began in February and June

1966, May 1968, April and July 1969, March and
November 1971. A shallow salinity maximum is charac-

teristic of Kuroshio water (Fig. 12). Thus, the coinci-

dent increases in salinity in the shallow maximum, or at

the surface during the winter with increasing depths of

a, 26 indicate a northward meander of the Kuroshio Ex-

tension.

In 1970, when a, 26 shoaled to <300 m, the salinity in

the shallow maximum during spring, summer, and fall

was relatively high in contrast to that in 1967 when the

17
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o, 26.0. Procedure was identical to that used in the annual analyses.

depth of (Tj 26 was also shallow. The high salinity indi-

cates the presence of Kuroshio water at OWS-V al-

though the shallow depth of a, 26 did not indicate a

northward shift of the Kuroshio Extension. An explana-

tion may be a weakened baroclinic flow during 1970 or a

residual consequence of processes upstream of the sta-

tion that also caused the lower surface temperatures at

OWS-V during the first half of 1970.

The Water Structure and Air-Sea Interaction

A study of the effects of atmospheric forcing on ocean

variability at OWS-V is not within the scope of this

report. Nevertheless, some inferences can be made
about the changes described above in the light of the air-

sea interactions previously published (Husby and
Seckel 1975). For example, principal heat loss from the

sea surface occurs during the 6 mo from 1 October to 1

April, and one can inquire about the change in heat con-

tent of the water column between these dates.

Consider the layer above ct, 26 in which temperature

and salinity show seasonal changes. The heat content of

this layer is pc^ dz where p is the density of the water, Cp

is the specific heat at constant pressure, S is the mean
temperature of the layer and z is the depth of the layer.

With p and Cp assumed constant, the heat content of the

layer changes because of changes in the thickness of the

layer (divergence) and because of changes in the mean
temperature.

AH = PC Mdz) = pc [eiz + zse]. (7)

Changes in the last term are caused by the heat ex-

change across the sea surface, advection, and diffusion.

In Table 3, the heat content change, the heat content

change due to the mean temperature change, and the

total heat exchange across the sea surface are listed for

the fall and winter cooling seasons from 1966 to 1971.

Note the large interannual variability in the heat con-

tent changes with the layer actually gaining heat during

the 1967-68 season when the total heat loss across the

sea surface was anomalously high. Not only are these

changes much larger than can be accounted for by the

total heat exchange, they also bear no resemblance to

the year to year changes of this atmospheric forcing

process. The heat content change due to the change of

mean temperature has the same order of magnitude as

the total heat exchange but again, the interannual vari-

ability does not resemble that of the atmospheric forcing

process. For example, the total heat exchange in the

1968-69 season was less than half that of the previous

year, and yet the difference in the heat content change

due to change in mean temperature was only 8 kcal

cm"^. Evidently other processes such as heat advection,

play an important part in the change of mean
temperature.

The 6-yr series of heat content of the layer to the o; 26

level (Fig. 16) shows that during 1966 the heat content

was high, and during 1970 it was relatively low with ir-

regular fluctuations between these years. A seasonal

Table 3.—Heat budget estimates at Ocean Water Station V for the

6-mos cooling portion of the year, 1 October to 1 April.
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pattern is not discernible. The 6-yr series of the depth of

a, 26 is shown in the lower panel indicating that the fluc-

tuations in depth of the lower boundary of the layer are

coherent with those in heat content: high heat content

corresponds to greater thickness of the layer and lower

heat content with reduced thickness. The coherence is

clearly shown by the dashed line in Figure 16, repre-

senting the heat content variability due to changes in

thickness {SAz) only. The values were obtained by se-

quentially adding the monthly changes {SAz) to the in-

itial heat content on day 1, 1966. (The series was re-

initialized on day 61, 1968.)

The seasonal aspects of the change of heat content per

month due to change in the mean temperature in the

layer above ct, 26.0 izAd), and the monthly heat ex-

change across the sea surface are shown in Figure 17.

The two quantities plotted are of equivalent magnitude

although the month to month variability of the change

of heat content is greater than that of the heat ex-

change. If one assumes that the magnitude of the heat

exchange is correct, then a greater decline in heat con-

tent than expected from heat exchange tends to occur

during fall and winter. Heat content increases, greater

than those expected from heat exchange, tend to occur

during spring and summer. According to our estimates

the heat exchange across the sea surface contributes

only 47?o to the variance in the rate of change of heat

content due to mean temperature change. The remain-

der must be attributed to advection and diffusion of

which the former is probably the dominant process.

Another opportunity to examine the effect of total

heat exchange across the sea surface occurred during the

time from the fall of 1969 to the spring of 1970 when both

the surface temperature and the mean temperature in

the layer above a, 26 were below the 6-yr average. Cool-

ing began in August, 2 mo earlier than average, and con-

tinued until March 1970 (Fig. 18). A greater than

average increase in temperature occurred in April 1970

(1.1°C instead of 0.1°C). Throughout this time there is

no indication of anomalous heat exchange across the sea

surface (Fig. 17). It is interesting to note that in April

1970 there was an increase in the surface salinity that

subsequently persisted as a shallow subsurface salinity

maximum (Fig. 14). There was no significant change in

depth of the thermal structure {a^ 26) during this month
of relatively large surface temperature and salinity

changes.

In summary, anomalous heat content changes in the

6-yr series cannot be attributed exclusively to

anomalous heat exchange across the sea surface. Pos-

sibly, effects of processes >1,(XX) km upstream in the

principal heat loss area of the North Pacific Ocean play

an important role in the temperature variability. Unfor-

tunately, heat advection cannot be calculated from the

properties that were measured at OWS-V.
The salinity and salt content are important prop-

erties in isentropic analysis. Salt budget analyses,

however, suffer from the lack of reliable precipitation

data. The association of a shallow salinity maximum
with the depth of tr, 26 has already been described. In

addition, there appears to be a seasonal trend in the 6-yr

average of the surface salinity with the maximum occur-

ring in late winter and spring and the minimum in late

summer and early fall. Departures during individual

years are large so that the average of only 6 yr may
depart significantly from a long-term mean.

Reed and Elliott (1973) have estimated the precipita-

tion at OWS-V from the present weather code in the

standard marine weather repwrts. Although absolute

magnitudes of these estimates may be in doubt, the

seasonal trend is probably correct. The mean monthly

values are listed in Table 4 together with the estimates

of mean evaporation at OWS-V (Husby and Seckel

1975). The evaporation minus precipitation values indi-

cate excess evaporation over precipitation during most

of the year with lowest values occurring from April to

August when the average salinities are also declining at

OWS-V.
As in the case of the surface temperature the effect of

advection on the surface salinity may be pronounced.

Table 4.—Estimates of mean evaporation rates (E)', mean precipita-

tion rates (P)", and evaporation minus precipitation (E-P), (in milli-

meters per month) at Ocean Weather Station V.
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distribution of properties at OWS-V have some order

and permit identification and isolation of different proc-

esses that contribute to changes in the distributions.

This point is illustrated by the time-series sections of

salinity versus a, (Fig. 14). At depths greater than a, 26

the T-S relationships remain relatively constant with

the salinity minimum occurring at a constant tr, level, <t,

26.8.

Variations in the depth of sigma-( below (T, 26 (Fig. 14)

reflect changes in the baroclinicity of the area. Deepen-

ing of the pycnocline as indicated by the depth of a, 26 is

associated with an increase in the surface salinity during

winter or the appearance of a shallow subsurface salinity

maximum at other times of the year. A shallow subsur-

face salinity maximum is characteristic of the Kuroshio

Current. Meridional sections near OWS-V show the pyc-

nocline depth to increase southward. Thus, the associ-

ated changes in the salinity of the upper layers above a,

26 indicate meandering of the Kuroshio Extension.

The net heat loss across the sea surface at OWS-V
during the fall and winter 1967-68 was anomalously high

and during 1968-69 anomalously low. These anomalies

were not reflected in changes of the heat content in the

layer above a, 26. In fact, changes in the thickness of the

layer are the dominant influence in changes of heat con-

tent, obscuring effects of the seasonal variation of the

heat exchange across the sea surface. The variation of

the heat content of the layer due to a change in the mean
temperature (Fig. 17) does reflect the seasonal variation

of heat exchange across the sea surface. Again, however,

the anomalous heat loss during 1967-68 and 1968-69 are

n )t reflected in anomalous declines of the mean
temperature of the upper layer. Anomalously low

temperatures beginning in the summer of 1969 and

lasting to the spring of 1970 were not caused by

anomalous heat exchange. Thus, horizontal advection

and possibly, to a lesser extent, diffusion play a domi-

nant role in the temperature variability at OWS-V.
It is interesting to note that the surface divergence as

reflected by changes in the depth of a, 26 has no annual

periodicity. The 6-yr record shows that large baroclinic

variability occurs at time scales of more than 55 days

with largest variability occurring at the interannual

scale.

OWS-V is located in a dynamically active ocean area

with the area of highest net annual heat loss in the

North Pacific lying over 1,(X)0 km upstream. Relatively

large meridional temperature gradients vary seasonally

and probably also from month to month. Velocity varia-

tions of the Kuroshio Extension at the time scales con-

sidered here must also be expected. Consequently, di-

vergence and horizontal advection play an important

role in the variability of the observed properties, ob-

scuring the effects of local atmospheric forcing.

The preliminary analyses reported here show that im-

portant properties of the ocean structure can be ob-

tained from a monitoring station such as OWS-V. It

may be more difficult, however, to relate changes in the

structure with local atmospheric forcing. In this case the

effects of heat exchange across the sea surface are ob-

scured by other processes. Some of these processes could

possibly be determined by measurements that have not

been made on weather ships. Obviously, anomalous

atmospheric forcing must produce anomalous ocean

conditions. It appears that these relationships can be es-

tablished best if fields of properties in ocean and atmos-

phere are monitored in order that the effect of diver-

gence and advection can be determined, or that area

integrals can be obtained.
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APPENDIX I

Tables of coefficients for the calculation of temperatures, °C,

salinities, %., and depths, m, at sigma-f levels at Ocean Weather Sta-

tion V, 1966-71, using the series

E{t) = /(I) + M • (t-1) + A+ Z [/!„ cos ^^ + B„ sin^
n = 1, 2, . . . , 12

where /(I) = value of property at first day of year,

V = slope of straight line between /(I) and /(366),

o) = ^ day-', except for 1968 where uj = -'^- day',
366 367

t = Julian day of the year

Upper row of Fourier coefficients at each level contains A -coefficients

beginning with A
i

. Lower row contains B-coefficients beginning with Bj

.
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APPENDIX II

Expected values of Ocean Weather Station V temperatures, °C x 100,

(top panel); salinities, %. X 100, (middle panel); and depths, m, (bot-

tom panel) at sigma-f levels evaluated at the first day of each month for

the years 1966-71.

Values were computed by using the tabulations of Appendix I in

Equation (3). Only the first three harmonics in the series were evaluated

for 1966 and 1967. All 12 harmonics in the series were evaluated for 1968

through 1971.
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