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Large-scale interannual physical and biological interaction 
in the California Current 

by Dudley B. Chelton1, Patricio A. Bemal2 and John A. McGowan3 

ABSTRACT 
Thirty years of temperature, salinity, steric height and zooplankton data are examined to 

explore the potential causes of large-scale biological variability in the California Current. The 
physical and biological properties are all found to be dominated by a pronounced interannual 
signal with very large spatial scale. In contrast to the classical view of the dynamics of epi-
pelagic ecosystems in eastern boundary currents, wind-forced coastal upwelling of nutrient-rich 
deep water is shown to play a relatively minor role in controlling the large-scale zooplankton 
biomass. Over interannual time scales, zooplankton abundance is primarily influenced by large-
scale variations in the flow of the California Current. Increases in the southward transport lead 
to increases in zooplankton biomass, while decreases in the transport result in abnormally low 
zooplankton biomass. From the analysis here, it appears that both horizontal advection and 
vertical advection associated with geostrophic tilting of isopycnals from changes in the flow are 
sources of nutrients for primary productivity. 

An attempt is made to determine the causes of these large-scale variations in the flow. It is 
shown that they can be monitored from coastal sea level measurements which then allows a 
"hindcast" of physical and biological conditions in the California Current back to 1900. These 
large-scale interannual fluctuations are in many cases related to El Niiio phenomena in the 
eastern tropical Pacific. There are occasionally, however, strong events off the coast of Cali-
fornia with no eastern tropical Pacific counterpart. No immediate explanation for the cause of 
these "anomalous" events can be found. 

1. Introduction 

The eastern boundary currents of subtropical gyres have long been recognized as 
among the most biologically active areas of the world oceans. Wooster and Reid 
(1963) and Smith (1968) have summarized the physical, chemical and biological 
characteristics of these regions. Production levels typically exceed those elsewhere 
by at least an order of magnitude. This is attributable to the high rates of supply of 
dissolved plant nutrients (primarily phosphate and nitrite) which result in high phyto-
plankton productivity. Since phytoplankton are the food source of herbivorous 
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zooplankton which are, in turn, the food source for many pelagic fish, there is cor-
respondingly high productivity at the higher trophic levels as well. 

The California Current is the most extensively studied of all eastern boundary 
currents. Overviews can be found in Reid et al. (1958) and Hickey (1979). It was rec-
ognized as early as the 1930's that large-scale biological changes occur in the California 
Current ecosystem. The most dramatic example is that of the California sardine; 
the annual catch dropped from 550,000 tons to 100,000 tons between 1945 and 
1947. Prompted by this collapse of the great California sardine fishery, the Cali-
fornia Cooperative Oceanic Fisheries Investigations (CalCOFI) were established. In 
1949, under the direction of Harald Sverdrup, CalCOFI initiated an ecological 
study of the California Current system with the goal of determining whether the 
observed large-scale changes in sardine catch were due to: (1) overfishing; (2) en-
demic biological interactions; or (3) external forcing from changes in environmental 
conditions. It is undoubtedly true that all three of these factors are important but 
only the first can be controlled. Proper fisheries management decisions require a 
knowledge of the effects of the other two. 

The purpose of this study is to examine the relation between variations in the 
large-scale environmental and biological characteristics of the California Current. 
Studies of physical and biological interaction in the ocean are generally limited, 
from lack of data, to processes with short space and time scale variability. The 
CalCOFI sampling strategy is sufficient for investigation of comparatively large-
scale, low-frequency variability. The extensive CalCOFI biological and hydrographic 
(temperature and salinity) surveys have continued on a fixed grid system for the last 
30 years, providing a unique opportunity to examine large-scale physical and bio-
logical interaction over short term climatological time scales of months to years. 

2. Background 

Ecosystems occupying eastern boundary currents are quite complex since, in ad-
dition to being open to mass and energy channeled directly into organic production, 
they are also open to the large-scale input of mechanical energy in the form of 

.. advection or local wind forcing. By comparison with other oceanic ecosystems, east-
ern boundary current regions can be characterized biologically by an increased 
spatial heterogeneity of the resident planktonic populations (Haury, 1976) and re-
duced temporal predictability (Hayward and McGowan, 1979). It has been proposed 
that, because of the biologically disruptive effects of the physical conditions in these 
regions, classical biological interaction (competition and predation) might not have 
an opportunity to play a dominant role in determining the composition of species as-
semblages nor in modulating the differences in abundances of the species (McGowan, 
1971; 1974). 

Studies of biomass fluctuations in the California Current between 1955 and 1959 
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provide evidence supporting this hypothesis. As an example, the biomass of cope-
pods, which comprise about one-third of the total macrozooplankton biomass, 
diminished by one order of magnitude between October 1955 and October 1958 
(Isaacs et al., 1969). Using principal component analysis, Colebrook (1977) has 
demonstrated a remarkable coherence among 17 different taxonomic categories and 
among different geographical locations over this same time period. Studies of varved 
sediment records from anaerobic basins in the California Current by Soutar and 
Isaacs (1969, 1974) indicate that similar very large fluctuations have occurred regu-
larly over at least the last 200 years, long before man had any significant effect on 
the fisheries in this region. Although an increase in numbers of certain taxonomic 
categories at the expense of others could be explained on the basis of biological 
interactions alone, such an explanation is untenable when all categories tend to 
decrease (or increase) simultaneously over the entire ecosystem. 

The temporal scales of demographic phenomena relevant to the primary and 
secondary productivity compartments of the ecosystem are much shorter than these 
low frequency fluctuations documented by Soutar and Isaacs; doubling times are 
on the order of hours to days for phytoplankton and about two or three months for 
macrozooplankton (Walsh, 1977). This mismatch of time scales and the results of 
Colebrook (1977) suggest that changes in the external large-scale environmental 
conditions play a more significant role than competition or predation in controlling 
the biomass of the California Current. 

In low to mid latitudes, primary productivity is generally limited by the nutrient 
flux into the euphotic zone. This is particularly true for "new production" defined 
to be the component of production that is driven by nonregenerative nutrients 
(Dugdale and Goering, 1967). For eastern boundary currents, wind-driven coastal 
upwelling is generally viewed as the main process responsible for the input of non-
regenerative nutrients into the euphotic zone (Smith, 1968; Cushing, 1969; 1975; 
Walsh, 1977; Ryther, 1969). If wind-driven coastal upwelling was responsible for 
primary productivity (and therefore indirectly responsible for zooplankton pro-
ductivity), we would expect zooplankton biomass to be maximum close to the coast, 
decreasing offshore. However, Figure 1 shows that this is true only south of about 
31 °latitude.To the north the highest zooplankton biomass is located approximately 
100-150 km from the coast. In addition, the offshore extent of zooplankton enrich-
ment is about 200-300 km which is wider than the zone expected to be influenced 
by coastal upwelling processes. While wind-driven coastal upwelling is undoubtedly 
important locally, there clearly must be some other process responsible for main-
taining these large-scale biological characteristics of the California Current epi-

pelagic ecosystem. 
The distribution of nutrients near the surface in the eastern North Pacific (Fig. 2) 

suggests a possible mechanism. In contrast to the lower latitudes, primary produc-
tivity at high latitudes is generally light rather than nutrient limited (Sverdrup, 1953; 
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Figure 1. Horizontal distribution of zooplankton volume from net tows in the upper 140 m in 
pooled areas (see Smith, 1971) for April through August. Units are 10-1 ml m_. and data 
are taken from 1949-1969. Dots represent centers of pooled areas. 

Parsons et al., 1966). This is because of shorter day length and lower sun angle. 
Throughout much of the year (especially in winter) primary productivity is low and 
available nutrients are not fully utilized. Consequently, nutrient levels are very high. 
The equatorward tongue of high nutrients in the eastern North Pacific (see Fig. 2) 
and the north-south latitudinal gradient in zooplankton biomass (Fig. 1) suggest the 
possible importance of southward advection to productivity in the California Cur-
rent. This could account for the observed broad region of high biomass in this 



1982] Chelton et al.: Large-scale interannual interactions 1099 

1so·w 1so• '140° 130• 120• 110· 100· 90° so·w 

~-· 
40° 

30° 

20· 

160"W 150° 140° 130° 120• 110•: 

Figure 2. Horizontal distribution of summertime (May through October) phosphate-phos-
phorous vertically integrated from the surface to 100 m in the eastern North Pacific. Units 
are mg at m-2. Dots indicate locations of data used to generate contours. (Courtesy of 
J. L. Reid). 

region as well as the offshore maximum in zooplankton biomass north of 31 ° lati-
tude (near the core of the equatorward California Current). 

A relation between southward advection and zooplankton biomass was first pro-
posed by Reid (1962). He noted that variations in zooplankton volume were in-
versely related to variations in water temperature and suggested that both nutrients 
and zooplankton biomass reach high values upstream and are advected equatorward 
by the flow. Wickett (1967) later found a relation between zooplankton biomass off 
California and wind forcing in the Alaskan Gyre one year earlier (although the 
statistical reliability of his correlation is marginal because of the small sample size). 
He suggested that the zooplankton off southern California respond to the upwelled 
nutrients in the Alaskan Gyre that are advected downstream. Recently, Bernal 
(1980) and Bernal and McGowan (1981) have presented additional indirect evidence 
that fluctuations in zooplankton volume are related to changes in the transport of 
the California Current. They found a correlation between variations in zooplankton 
volume and variations in the transport of low salinity water across CalCOFI line 
80; increased equatorward transport resulted in increased zooplankton biomass. 
They suggest that zooplankton volume off southern California increases locally in 
response to the rapid increase in phytoplankton productivity associated with an 
input of nutrients from high latitudes. This proposed relation between southward 
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transport and large-scale biological variability in the California Current can now be 
more quantitatively tested using the 30-year CalCOFI hydrograpbic records. 

3. Data description 

A feature of the CalCOFI hydrographic program crucial to application of the 
analysis techniques used in this study is the geographically fixed sampling grid, 
established in 1950 and maintained throughout the remainder of the program. Sur-
veys have been conducted along parallel lines separated by 65 km extending seaward 
approximately normal to the coast. Lines spaced 195 km apart (designated "cardinal" 
lines) were occupied more frequently than the intermediate "ordinal" lines. These 
cardinal lines were numbered in increments of 10 with line 10 extending offshore 
from the U.S.-Canadian border, line 80 extending offshore from Point Conception 
and line 150 extending offshore from the southern tip of Baja California. The basic 
cross shore grid spacing along each line was also designed to be 65 km. However, 
after the first few years of the program, it became apparent that the spatial scales 
of variability were somewhat shorter close to the coast and so new stations were 
added to tighten up the grid spacing nearshore. 

During the first 10 years of the CalCOFI program, surveys were conducted on a 
monthly basis with few interruptions. Then in 1961 the program encountered finan-
cial problems and surveys were reduced to one cruise every third month. This 
sampling pattern continued until 1969 when the program switched to monthly cover-
age every third year because of difficulties with ship scheduling. This has resulted 
in intermittent data over the last 12 years with measurements made only in 1969, 
1972, 1975, 1978 and 1981. It should be noted that the temporal discontinuity of 
the present three-year sampling strategy imposes severe restrictions on the questions 
that can be addressed. For example, Chelton (1981) has shown that the CalCOFI 
data are inadequate to explain anomalous temperature and salinity conditions during 
1978. In effect, the usefulness of the CalCOFI surveys for studies of large-scale low 
frequency variability has been greatly reduced since 1969. 

Not all hydrographic stations in the CalCOFI grid were occupied during any 
given sample month. The geographical region surveyed most extensively ranges from 
line 60 off San Francisco in the north to line 137 off southern Baja California and 
extends offshore a distance of about 500 km. Grid points with fewer than 40 tem-
perature and salinity profiles over the 30-year time period 1950-1979 were arbi-
trarily rejected from the physical analysis that follows. (As discussed below, the 
biological analysis was handled differently.) The number of grid points remaining 
amounted to a total of 150, of which 114 are in water deeper than 500 m (Fig. 3). 
The typical number of vertical profiles of temperature and salinity at any given grid 
point over the 30-year period was around 90. 

In addition to using temperature and salinity observations themselves, specific 
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Figure 3. Grid of frequently occupied CalCOFI hydrographic stations ("cardinal Jines" are 
labelled). The standard CalCOFI grid contains more grid points but only those shown were 
occupied 40 or more times over the 30-year time period from 1950 to 1979. Open circles 
represent grid points in water shallower than 500 m. The boxes show the four geographical 
areas for which monthly average zooplankton volumes have been determined and n repre-
sents the average number of net tows per month for each area. 

volume (the reciprocal value of density) was computed at each observed depth 
down to 500 m from the vertical profiles of temperature and salinity (relatively few 
of the hydrographic profiles extended to depths greater than 500 m). Then the steric 
height of the sea surface relative to the 500 db reference pressure surface was com-
puted for each hydrocast by 
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h = --1-so 8dp 
g 500 

where g is the gravitational acceleration, p the pressure and 8 the specific volume 
anomaly, defined to be departures of the specific volume from a standard ocean of 
temperature 0°C and salinity 35%0. Horizontal gradients of the 0/ 500 steric height 
are proportional to the strength of the geostrophic flow at the sea surface relative 
to that at 500 db. 

Monthly mean values of temperature and salinity (interpolated to 13 standard 
depths down to 500 m) and 0/ 500 steric height were computed for each grid point 
by averaging the values obtained from all of the individual profiles within each 
calendar month from 1950 to 1979. This generally amounted to only one profile 
(and, all too often, no profiles at all), but there were occasionally stations occupied 
two or three times during a particular month. It is clear then that the monthly aver-
ages are, at best, a rather crude estimate of the true mean value. To confound the 
problem, a typical CalCOFI cruise begins at one end of sampling region and works 
its way toward the other end (see Wyllie, 1966). Thus, high and low latitude grid 
points are frequently sampled nearly a month apart. The resulting "monthly mean" 
maps of temperature, salinity and steric height must be interpreted with some degree 
of caution. The extent to which they are representative of the true monthly means 
depends on the magnitude of the unresolved high frequency variability. 

The most extensive of the biological measurements made by CalCOFI are the 
macrozooplankton net tows. For determining the response of the ecosystem to the 
input of nutrients, a direct measure of nutrients and primary productivity (e.g., the 
rate of photosynthesis or the rate of change of chlorophyll) would be preferable but 
the CalCOFI temporal sampling of these quantities is sparse. However, since macro-
zooplankton are composed mainly of primary and secondary consumers, one would 
expect variations in primary productivity to be reflected as similar variations in the 
macrozooplankton biomass (with a lag time of 1-2 months). Smith and Eppley 
(19 81) have presented evidenc& supporting this hypothesis, at least over interannual 
time scales. Since herbivorous zooplankton are the main link in the food chain be-
tween the primary producers and pelagic fish, changes in zooplankton biomass 
presumably have important effects on the pelagic fish stock. 

Since 1949, CalCOFI has been routinely collecting oblique net tows from the 
surface down to 140 m and back to the surface using 1 m diameter and 5 m long 
nets with a mesh size of 0.505 mm. The nets are towed from a ship travelling at 
about 2 knots and the total volume of water filtered is about 500 m3 • These samples 
have been used to determine the total macrozooplankton biomass and the abundance 
of fish eggs and larvae. A summary of the techniques used in the field and laboratory 
is given in Kramer et al. (1972). Except for the four-year period analyzed by Cole-
brook (1977), most of these zooplankton volumes have not yet been broken down 
into taxonomic categories. 
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As with all biological measurements, the zooplankton net tows are subject to 
serious aliasing problems due to short temporal and small-scale spatial variability. 
To minimize the effects of these sampling errors, the data were averaged spatially 
into the four geographical areas shown in Figure 3. The offshore boundaries of the 
areas were defined on the basis of the biological enrichment zone in Figure 1. The 
boundaries perpendicular to the coast were defined on the basis of biogeographical 
evidence, described in Bernal (1980). Area I in the north is dominated by subarctic 
and transitional fauna. The fauna of areas III and IV become increasingly dominated 
by equatorial forms. Area II can be characterized by a very heterogeneous faunistic 
composition: representatives of the faunas of the other three areas are found in-
terspersed in the samples. Thus, the northern part of the California Current has a 
very different species content than the southern part. This fact will become important 
to the interpretation of our results (see Section 7). While the spatial averaging filters 
out most of the patchiness, it should be noted that it also imposes limitations on the 
questions that can be addressed from the resulting data. The spatial averages are 
appropriate for studying the large-scale variability of interest here. However, small-
scale features cannot be examined from this data. 

Time series of monthly means of macrozooplankton biomass were derived for the 
four areas by first log., transforming the values in 10-3 ml m-3 from each individual 
net tow. Then the log., transformed values were averaged within each area for each 
calendar month from 1950 to 1979. The typical number of net tows per month for 
each of the four areas is shown in Figure 3. The primary motivation for the loge 
transformation is that, since zooplankton growth rates are usually an exponential 
function of population density, log., transformed data are particularly well suited for 
visualizing and studying productivity (i.e., the rate of change of population): linear 
segments in plots of loge transformed time series represent exponential growth or 
decay. An additional virtue of the log., transformation is that the resulting zooplank-
ton time series are much more nearly Normally distributed (Bernal, 1980) which 
allows easy determination of the statistical significance of sample correlation values 
(see Chelton, 1982 and Section 5). 

In summary, CalCOFI has provided what are probably the most extensive hy-
drographic and biological data sets anywhere in the world. Over 18,000 vertical 
profiles of temperature and salinity and over 25,000 macrozooplankton net tows 
were collected between 1949 and 1979. The sampling problems (both spatial and 
temporal) associated with these measurements are severe. But, to our knowledge, 
this is the only data set in existence for examining biological and physical interaction 
over the space and time scales addressed by this study. 

4. Seasonal variability 
The average seasonal cycles of log., transformed zooplankton volume for the four 

areas defined in Figure 3 are shown in the lower panels of Figure 4. The method 



1104 Journal of Marine Research [40, 4 

O o J ~Tl A S O N D 

6 

O'-'-~~~ J__J---'--'---'-'- ~~ QLL----'--'-L-1-L--'--'---'---'-~ 
DJ F MAMJJASOND OJFMAM JJA SON D 

6 -----~ 6 

AREA 111 AREA IV 

O J FMAMJJAS O ND OJFMAM JJ ASOND 

Figure 4. Seasonal cycles of the zooplankton volume in log, (10-, ml m_,) (lower panels) and 
the longshore (equatorward) component of wind stress in dynes cm-2 (upper panels) for the 
four geographical areas shown in Figure 3. 

used to derive these cycles consisted of computing the 30-year algebraic mean value 
for each month of the year. The north-south gradient of biomass is clearly evident. 
The seasonality is strongest at the two northern areas; from north to south, the per-
centages of total variance accounted for by the seasonal cycle are 30 % , 23 % , 8 % 
and 14%. Maximum values generally occur in the late spring or early summer and 
minimum values in early winter. Area IV is an exception; the maximum and mini-
mum occur about two months later than in those areas farther north. 
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The seasonal cycles of the equatorward longshore component of wind stress for 
each of the four areas are shown in the upper panels of Figure 4. These winds may 
be considered an index of coastal upwelling intensity: an increase in equatorward 
longshore wind stress corresponds to an increase in coastal upwelling. The seasonal 
mean wind stress values were taken from Nelson (1977) who compiled direct ship 
observations by I-degree square areas from records dating back to the mid-19th 
century. These are probably the best available long term measure of winds over the 
California Current. The figure shows that winds are favorable for coastal upwelling 
year-round in each of the four areas with a maximum intensity in the spring. 

A comparison of winds and zooplankton variability in area III reveals what ap-
pears to be a strong relation between the two. There are two peak upwelling periods. 
The strongest occurs in May, and it is followed one month later by a maximum in 
zooplankton volume. There is a secondary peak upwelling period in September, 
again followed one month later by a peak in zooplankton volume. From this simple 
relation, it is tempting to conclude that coastal upwelling is the primary source of 
nutrients controlling primary productivity which, in turn (after a one month lag), 
determines zooplankton biomass in the California Current. However, this appealing 
picture breaks down in the other three areas where there is no consistent relation 
between coastal upwelling (as indexed by the longshore wind stress) and zooplank-
ton biomass. 

This is rather convincing evidence that some other process is responsible for con-
trolling at least part (if not most) of the large-scale zooplankton variability. As dis-
cussed in Section 2, a large amount of circumstantial evidence has accumulated 
suggesting the importance of advection. The objective of this study is to explore this 
potential mechanism in detail using the complete 30-year CalCOFI zooplankton 
and hydrographic data sets. 

Maps of the mean flow at the sea surface relative to 500 db (see Wyllie, 1966; 
Hickey, 1979; or Chelton, 1980) show that the southward transport is strongest in 
late spring/ early summer and weakest in winter, qualitatively in phase with the 
seasonal cycles of zooplankton volume in Figure 4. No attempt will be made in this 
study to examine this relationship between zooplankton variability and the transport 
any more quantitatively in the seasonal cycles. The problem with exploring causality 
in seasonal cycles is that nearly all geophysical and biological time series show a 
seasonal variation and any two seasonal cycles are highly correlated if one allows 
for a phase lag. However, since there are only 12 (nonindependent) data values, the 
statistical significance of any relation is based on a very small number of degrees 
of freedom. For example, a pure tone harmonic annual signal contains only two 
degrees of freedom. It is therefore essential to remove the annual cycle from the data 
and look for causality in the residuals. The remainder of this study deals only with 
nonseasonal or anomalous aspects of variability; an anomaly for a given month is 
defined to be the departure of the observed value from the seasonal mean value for 
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Figure 5. Time series of nonseasonal zooplankton volume in log, (IO_. ml m__.) for the four 
geographical areas shown in Figure 3. 

that particular month. In many respects, these anomalous variations are of more 
interest to fisheries management. 

5. Nonseasonal (anomalous) variability 

Time series of anomalous log. transformed zooplankton volume for each of the 
four areas in Figure 3 are shown in Figure 5. It is immediately apparent that, under-
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lying the seasonal variability shown in Figure 4, there are substantial year-to-year 
variations with very large spatial scale. All four records are dominated by anom-
alously low biomass from 1958 to 1960. In comparison, the preceding several years 
represent a period of anomalously high biomass in all four areas. A number of other 
large-scale events occurring simultaneously in two or more areas can also be 
identified. 

The characteristic time scales of these anomalies can be seen to be quite long in 
all four areas. From autocorrelation plots of the time series, area I shows the shortest 
time scales (about 14 months) and area IV shows the longest (about 24 months). 
The temporal scales of variability in areas II and III are intermediate (about 18 
months). In comparison, the characteristic time scales of nonseasonal wind forcing 
in this region are much shorter (about 1 month). 4 

Time lagged correlations5 between nonseasonal zooplankton volume and the local 
equatorward longshore component of wind stress (used here again as an index of 
anomalous coastal upwelling) are nonsignificant at all lags for each of the four areas 
(values less than 0.25 in all cases). The poor correlations are not surprising in view 
of the considerable mismatch in time scales of zooplankton and wind stress vari-
ability. As with the seasonal variability examined in Section 4, locally wind-forced 
coastal upwelling does not appear to be the dominant process controlling large-
scale nonseasonal zooplankton biomass in the California Current. 

In this study, we are interested primarily in the very large-scale zooplankton vari-
ability. The high degree of coherence visually evident in Figure 5 among the four 
areas (especially at low frequencies) indicates that the mean value of the four indi-
vidual time series can provide a reasonable description of the larger scale variability. 
To make the anomalous zooplankton volumes from different regions comparable, 
each time series was first normalized by its standard deviation. The details· of this 
procedure can be found in Bernal (1980). Because of numerous data gaps, objective 
estimates of the average zooplankton biomass were computed using the method 
described in the Appendix. The resulting time series of average log. transformed and 
standardized zooplankton volume is shown in Figure 6a. The correlations between 
this average nonseasonal zooplankton biomass and the nonseasonal zooplankton 
biomasses in areas I, II, III and IV are 0.73, 0.89, 0.89 and 0.73, respectively. 

4. The data used to examine nonseasonal wind forcing differ from that described in the previous 
section: the temporal and spatial sampling distributions of the direct shlp observations of wind re-
ported by Nelson (1977) are adequate for describing seasonal variability in Section 4 but not sufficient 
to resolve the anomalous variability of interest here. Instead, quasi-geostrophic wind estimates pro-
duced by Fleet Numerical Oceanography Center (FNOC) were used to derive time series of wind stress 
anomalies for each of the four areas. A detailed description of the method used by FNOC in com-
puting these winds can be found in Caton et al. (1978). Wind stress values were computed at 6-hour 
intervals and averaged to form monthly means. These are the best measure of wind stress presently 
available for examining variability over the time scales of interest in thls study. 

5. Because of the numerous data gaps in the CalCOFI data records, correlations had to be handled 
carefully. Throughout this study, the correlation between any two time series was computed from only 
those months where data values existed for both time series. 
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Figure 6. Time series of nonseasonal values of four parameters in the California Current: (a) 
The average of the individual zooplankton time series in the four areas shown in Figure 3. 
The values in log. oo-, ml m ....... ) were standardized for each area before averaging; (b) The 
average 10 m temperature over the 150 hydrographic stations in Figure 3; (c) The average 
10 rn salinity over the 150 hydrographic stations in Figure 3; (d) The amplitude time series 
of the principal EOF of 0/ 500 steric height shown in Figure 10. Triangles in (d) represent 
the zooplankton time series shown in (a). The averages in (a), (b) and (c) were computed using 
the objective method described in the Appendix and estimates with relative expected square 
errors exceeding 25% were rejected. 
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Figure 7. Interannual aspects of variability in the four time series shown in Figure 6. The raw 
time series were filtered with a double 13-month running mean with data gaps objectively 
interpolated as described in Chelton and Davis (1982). Estimates with relative expected 
square errors exceeding 25% were rejected. Dashed line in (d) represents the zooplankton 

time series shown in (a). 

The interannual aspects of this large-scale zooplankton variability have been 
extracted in Figure 7a by computing a double 13-month running mean of the raw 
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data shown in Figure 6a. Again, because of numerous data gaps in the time series, 
an objective interpolation of the double 13-month running mean was computed 
using the method described in Chelton and Davis (1982). Because the zooplankton 
biomass is dominated by low frequency variability, an accurate estimate of the run-
ning mean value for any individual month can be made even when several of the 
months in the running mean are missing. 

Numerous studies in the past have noted a strong inverse relationship between 
water temperature and productivity in the California Current (Reid et al., 1958; 
Bemer and Reid, 1961; Reid, 1962; Colebrook, 1977; Smith and Eppley, 1981). A 
study of the temperature field by Chelton (1981) has shown that temperature varia-
tions are highly coherent over the entire California Current. That is, the temperature 
generally rises or falls simultaneously everywhere. The amplitudes of these variations 
tend to be somewhat greater nearshore. The time series of 10 m temperature aver-
aged over all 150 stations in Figure 5 is shown in Figure 6b. As with zooplankton 
volume, the mean value was objectively estimated using the method described in the 
Appendix. The interannual variability of 10 m temperature is shown in Figure 7b. 
A strong inverse relationship with zooplankton biomass is clear from these figures. 
The maximum correlation between the interannual variations is -0. 77 with tempera-
ture leading zooplankton by 6 months. By comparison, the 95% significance level5 

for this sample correlation value is -0.33. 
This strong negative correlation indicates that high zooplankton biomass is as-

sociated with cold water as expected. There are two processes by which the water 
in the California Current can cool: either by vertical advection of cold water from 
depth or by horizontal advection of cold water from higher latitudes. The discussion 
in Section 2 has shown that either process could, in principle, provide the nutrients 
necessary for increased phytoplankton productivity which would then lead to in-
creased zooplankton productivity. Separating these two effects is a difficult task 
because the two are closely related. Any increase in the flow of the California Cur-
rent results in an increased southward advection of cold water. It also results in a 
geostrophic adjustment of the density field with isotherms tilting in a manner that 
cools the nearshore waters by vertical advection (upwelling). 

Although both processes produce a similar signature in the temperature field, we 
would expect them to differ in their effect on salinity. The mean cross-shore salinity 
distribution along CalCOFI line 93 is shown in Figure 8. The important features 
are the same throughout the California Current. The salinity increases with depth 
and decreases offshore. (Farther offshore beyond station 100 the salinity near the 

6. Note that classical methods of determining statistical significance assume the two time series to 
be purely random. This is clearly not applicable to the data examined here which show a predominance 
of low frequency variability. This effectively reduces the number of independent degrees of freedom in 
the sample records. A general method for estimating significance levels of correlation values when 
the time seri~s ar7 serially correlated has been developed by Chelton (1982). The 95% significance 
levels quoted m this study have been determined using this methodology. 
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Figure 8. The mean cross shore salinity distribution along CalCOFI line 93 off San Diego. 
Values less than 33.6%. are shaded. CalCOFI station numbers are shown along upper axis. 

surface begins to increase again.) Thus, upwelling would lead to an increase in the 
nearshore salinity and, conversely, downwelling would tend to decrease the near-
shore salinity. Then if vertical advection of deeper water (and nutrients) was solely 
responsible for fluctuations in secondary productivity, cold water and high zooplank-
ton biomass should be associated with high salinity. 

Horizontal advection produces quite a different signature in the salinity field. A 
section showing the mean longshore salinity distribution in the California Current 
is shown in Figure 9. The increase in salinity with depth previously noted in Figure 
8 is clearly present throughout the California Current. The important feature here 
is the tongue of low salinity water extending from high to low latitudes. Increased 
southward transport would cause the salinity to decrease and, correspondingly, de-
creased transport would result in an increase in the salinity. Similarly, from the dis-
tribution of nutrients in Figure 2, increased southward transport would increase the 
supply of nutrients in the California Current. If horizontal advection of high latitude 
water (and nutrients) was responsible for variations in secondary productivity, cold 
water and high zooplankton biomass would be expected to be associated with low 
salinity. 

Because horizontal and vertical advection produce opposite effects on the salinity 
distribution, we might expect salinity to be useful as a tracer for differentiating be-
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Figure 9. The mean longshore salinity distribution approximately 100-200 km offshore. Values 
less than 33.6%. are shaded. CalCOFI line and station numbers used in the figure are shown 
along the upper axis (e.g., 100.70 refers to line 100, station 70). The station numbering 
scheme is described in any of the CalCOFI atlases. 

tween the two processes if one dominates the other. A study by Chelton (1981) has 
shown that salinity is somewhat noisier than temperature but there is a general 
tendency for salinity to increase or decrease simultaneously everywhere in the Cali-
fornia Current. The magnitudes of the anomalous fluctuations tend to be somewhat 
larger in the lower latitude regions. The objectively estimated 10 m salinity averaged 
over all 150 stations in Figure 3 is shown in Figure 6c. The interannual variability 
is shown in Figure 7c. It is evident that interannual variations in salinity are very 
small (the standard deviation is only 0.06%0) and more slowly varying than tempera-
ture. It is also apparent from Figures 6 and 7 that the relation between 10 m average 
temperature and salinity is rather weak and inconsistent. Temperature and salinity 
sometimes vary together and sometimes fluctuate out of phase. The correlation be-
tween these two time series is only 0.36 which is significant only at about the 75% 
confidence level. 

From this simple analysis of the large-scale salinity variability it therefore appears 
that neither horizontal nor vertical advection is the preferred mechanism for re-
plenishment of nutrients in the surface waters of the California Current. Apparently 
both processes are important. It is significant to point out that, since these interan-
nual variations are uncorrelated with wind forcing in this region, any large-scale 
replenishment of nutrients by vertical advection is not due to classical (wind-induced) 
upwelling. The vertical motion is associated with geostrophic tilting of isopycnals 
from large-scale, low frequency changes in the transport of the California Current. 
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Up until this point, the suggested biological importance of variations in water 
transport has been indirect and purely qualitative. The large-scale anomalous vari-
ations in the flow of the California Current can be quantified by looking at the 
0 / 500 steric height which gives an integrated measure of the effects of temperature 
and salinity. There are a number of methods for extracting the large-scale aspects 
of a parameter. The simplest is to form spatial averages as was done with the zoo-
plankton, temperature and salinity data. This technique is obviously of limited value 
in the case of steric height where horizontal gradients (which determine the geo-
strophic water velocity) are of primary interest. All the important information can 
easily be lost using such a procedure. An alternative method which proves to be 
extremely useful is a technique called Empirical Orthogonal Function (EOF) or 
principal component analysis. The method essentially consists of separating the time 
and space dependence of a variable in a manner which optimally describes the vari-
ance in a least squares sense. A time series of maps of the steric height h(x,t) at N 
locations x can be expressed in terms of a set of N (empirical) orthogonal functions 
F,. (x) by 

N 

h(x,t) = L a,,(t) Fn(X) . 

n=l 

The EOFs are uniquely (and empirically) defined among all possible sets of orthog-
onal functions by the constraint that their time amplitudes ~(t) be uncorrelated over 
the data set. An explanation of the method used to compute Fn(x) and ~(t) can be 
found in Davis (1976). The particular details as applied to the CalCOFI hydro-
graphic data are described in Chelton (1980). 

The dominant EOF of 0/ 500 steric height accounting for 1/ 3 of the nonseasonal 
variability is shown in Figure 10. The pattern represents a very large-scale change 
in the background flow of the California Current. The arrows on the contours in-
dicate the direction of anomalous geostrophic flow when the time amplitude is posi-
tive (the background southward flow is intensified). When the time amplitude is 
negative, the anomalous geostrophic flow is opposite the direction of the arrows 
(the background southward flow is weakened; a strong enough weakening could 
actually result in a reversal of the flow). 

The time series associated with this pattern of anomalous large-scale advection is 
shown in Figure 6d where, for easy comparison, the zooplankton time series in 
Figure 6a has been reproduced as the triangles. The interannual variability is shown 
in Figure 7d (with the zooplankton volume shown by the dashed line). The figures 
support the hypothesis that increased southward transport is associated with an 
increase in zooplankton biomass. Correspondingly, when the southward flow is be-
low normal, so is the zooplankton biomass. Time lagged correlations between the 
two interannual time series are distinctly asymmetric and indicate that zooplankton 
volume is more highly correlated with preceding than with subsequent anomalous 
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Figure IO. The principal time invariant spatial EOF of nonseasonal 0/500 db steric height. The 
function values have been normalized to have mean square value of I. Arrows indicate direc-
tion of flow when the amplitude time series shown in Figure 6d is positive. Negative values 
of the time series correspond to a reversal in the anomalous flow. 

flow. That is, the effects of flow variations on secondary productivity tend to persist 
for many months. A maximum correlation of 0. 77 occurs when transport variations 
lead zooplankton biomass by 5 months. This can be compared with a 95% signifi-
cance level of 0.35. This correlation is rather impressive considering the serious 
sampling problems associated with both data sets as discussed in Section 3. It can 
be taken as an indication that the CalCOFI sampling strategy is indeed adequate for 
resolving the large-scale climatic variability of both the biological and physical 
characteristics of the California Current. 
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6. Coastal sea level variability 

Reid and Mantyla (1976) have shown that seasonal variations in the geostrophic 
flow of the California Current are reflected in coastal tide gauge records. If the in-
terannual variations described in the last section can be detected in the tide gauge 
records as well, the tide gauges would provide a simple, inexpensive means of 
monitoring large-scale nearshore ocean variability. 

A double 13-month running mean of sea level (corrected for the inverse baro-
metric effects of atmospheric pressure) averaged over San Francisco, Los Angeles, 
and San Diego is shown in Figure 11 b. The curve in Figure 1 la represents an index 
of northward transport of the California Current (the southward transport shown 
previously in Figure 7d multiplied by -1). The figure shows that the relationship 
between coastal tide records and geostrophic flow is, in fact, very strong; high sea 
level corresponds to anomalous northward flow and low sea level signals above 
normal equatorward flow . The maximum correlation between these two time series 
is 0.83 (compared with a 95% significance level of 0.30) with coastal sea level 
variations leading the transport by 3 months. Not surprisingly, the interannual vari-
ations in the tide gauge sea level are also closely related to the zooplankton vari-
ability with a maximum correlation of -0.70 when low sea level leads increased 
biomass by 7 months. 

The above results indicate that coastal tide gauge records provide an alternative 
description of the physical and biological climate off the coast of California. Since 
tide gauge measurements have been recorded continuously since the early 1900's, 
with some caution, they can be used as a proxy variable to extend the results of the 
last section. Figure 12 shows the average of sea level at San Francisco, Los Angeles, 
and San Diego from 1900 to 1979 (again smoothed by a double 13-month running 
mean and corrected for inverse barometer effects). The resulting time series gives 
an indication of large-scale climatic changes in the California Current over the last 
80 years. Interpreting this record as an index of physical and biological variability, 
large-scale events like those of 1955-1957 and 1958-1962 evident in Figure 7 have 
been the rule rather than the exception: significant regimes of above and below 
normal transport (and presumably biomass) occur on a quasi-regular basis in the 
California Current and tend to persist for time periods of 1-3 years. It would be 
interesting to compare this time series with anaerobic sediment records of the type 
studied by Soutar and Isaacs (1969; 1974) but with finer temporal resolution. 

7. Discussion 

The preceding sections have documented a significant interannual signal of vari-
ability in both the physical and biological characteristics of the California Current. 
A rather surprising discovery is that, at least over the large spatial scales examined 
here, zooplankton abundance is unrelated to wind-driven coastal upwelling. It ap-
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Figure 11. Low frequency (double 13-month running mean) time series of : (a) northward trans-
port (the index of southward transport shown in Figure 7d multiplied by -1); (b) the average 
Californi a sea level at San Francisco, Los Angeles and San Diego; (c) eastern tropical 
Pacific sea surface temperature; (d) the amplitude time series of the principal atmospheric 
pattern shown in Figure 13. 

pears to be indirectly related to changes in the transport of the California Current. 
This conclusion would seem to disagree with the results of Bakun and Parrish 
(1980) who found a correlation between spring zooplankton volume and estimates 
of wind-driven coastal upwelling averaged over the previous 12 months. However, 
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Figure 12. Low frequency (double 13-month running mean) sea level from 1900 to 1979 aver-
aged over San Francisco, Los Angeles and San Diego. With some caution, this time series 
can be interpreted as an index of large scale physical and biological variability over the last 
80 years; low sea level corresponds to above normal southward transport and zooplankton 
biomass. 

it will be shown below that these low frequency wind variations are correlated with 
large-scale variations in transport. Thus, the apparent relation demonstrated by 
Bakun and Parrish (1980) may really just reflect the flow-related effects proposed 
in this study. This illustrates the danger in deducing cause and effect relationships 
from simple correlations. 

It is significant to point out that the statistics presented here are dominated, to a 
large degree, by the regimes of very strong southward transport from 1953 to 1957 
and very weak southward transport from 1958 to 1960. This is an unavoidable 
limitation of the short record lengths relative to the characteristic time scales of 
variability. However, the statistical significance of correlations presented here was 
derived using a technique described by Chelton (1982) which takes these effects 
into account. Classical methods would overestimate the statistical significance of 
sample correlation values in these records. Because of their characteristically long 
time scales and the limited CalCOFI record length, the processes proposed here 
need to be verified either from continued observations in the CalCOFI program or 
by comparison of the biological record in anaerobic sediments with the 80-year sea 
level record in Figure 12. 

From this study alone it is not possible to determine whether the fluctuations in 
zooplankton biomass reflect advective movement of higher northern biomass or local 
changes in response to the influence of flow-related nutrient replenishment on pri-
mary productivity. It is probably true that both processes occur to some degree. 
However, as discussed in Section 2, the species assemblages of areas II and III tend 
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to be different from those of area I. Area I is always dominated by species with sub-
arctic water mass affinities. While specimens of this assemblage can often be found 
in area II (particularly in the years of stronger southward transport), they never 
dominate the biomass (for examples, see the CalCOFI atlases: Fleminger, 1964; 
Alvariiio, 1965; Brinton, 1967; McGowan, 1967; Bemer, 1967; Bowman and 
Johnson, 1973). This evidence tends to support local indirect response to an input 
of nutrients as the dominant process controlling zooplankton variability. A more 
quantitative assessment of this hypothesis would require a study of the variability of 
specific taxonomic categories rather than the total zooplankton volume examined 
here. At present, a taxonomic breakdown has only been done for the time period 
from 1955 to 1959 (Colebrook, 1977). 

Although the preceding sections have demonstrated that there are large-scale, low 
frequency changes in the flow of the California Current, the causes of these varia-
tions have not yet been identified. The poor correlation with longshore wind stress 
indicates that they are apparently not forced by the local wind field. However, 
Figure 1 lc shows that the strength of the California Current is rather closely related 
to El Nino occurrences in the eastern tropical Pacific. The index of El Nino used 
here is a double 13-month running mean of sea surface temperature averaged over 
a region in the eastern tropical Pacific from the equator to 1 OS and from 80 to 
lO0W. The major El Nino events of 1957-58, 1964, 1969, and 1972, as well as a 
number of more minor events are clearly evident in both time series. The maximum 
correlation between El Nino (used here in a general sense to represent either posi-
tive or negative events) and California sea level is 0.74 (compared with a 95% sig-
nificance level of 0.39) with El Nino in the eastern tropical Pacific leading California 
sea level by about 3-4 months. El Nino is associated with anomalously warm water 
in the tropics and positive California sea level anomalies which (from Figure lla) 
correspond to anomalous poleward flow. Correspondingly, negative El Nino events 
are associated with low California sea level and anomalous equatorward flow. 

Some additional insight can be gained from looking at the relation between El 
Nino and west coast sea level in greater detail. Chelton and Davis (1982) have 
shown that the amount by which sea surface temperature in the tropics leads sea 
level along the west coast of North America systematically increases with increasing 
distance from the tropics. The El Nino signal in the tropics occurs nearly simul-
taneously with sea level anomalies at Acapulco but precedes sea level at San Fran-
cisco by about four months which corresponds to northward propagation at a phase 
speed of about 40 cm/ sec. This result is consistent with simple theoretical and 
numerical studies which indicate that El Nino originates in the tropics from a 
weakening of the trade winds and then propagates poleward as coastally trapped 
waves which lead to anomalous poleward geostrophic flow (McCreary, 1976; Hurl-
burt et al., 1976). (Note, however, that the propagation speeds found here are only 
about one third that expected. Also, the offshore extent of the associated geostrophic 
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Figure 13. The principal pattern of North Pacific atmospheric variability (from Davis, 1978). 
Arrows indicate direction of geostrophic air flow when the amplitude time series in Figure 
lld is positive. 

flow is much wider than expected from the models, possibly indicating an offshore 
"leakage" of energy in the form of westward propagating Rossby waves-see Cane 
and Sarachik, 1977.) 

Although this relationship between El Nino and anomalous flow off California is 
simple and appealing, there are a number of periods evident in Figure 11 where 
the coupling between the tropics and the California Current breaks down. Most 
notable are 1953, 1967-68, 1976 and 1978. This may be taken as an indication that 
not all low frequency variability off California is related to tropical events. Chelton 
(1981) bas devoted considerable attention to the 1978 event where anomalous pole-
ward flow was associated with low salinity off California and a negative El Nifio in 
the tropics. A simultaneous occurrence of anomalous basin-wide cyclonic winds was 
also noted, suggesting that the observed anomalous poleward transport may have 
been driven by these winds. 

Davis (1978) has parameterized the large-scale aspects of atmospheric variability 
over the North Pacific by the spatial pattern of atmospheric pressure shown in 
Figure 13. Gradients of pressure associated with the pattern represent basin-wide 
quasi-geostrophic wind forcing over the North Pacific. The time series associated 
with this pattern (smoothed with a double 13-month running mean) shown in Figure 
l ld allows statistical examination of the relationship between interannual anom-
alous flow and basin-wide winds. Positive values of the time series correspond to 
cyclonic basin-wide winds as indicated by the arrows in Figure 13; negative values 
indicate anti-cyclonic basin-wide winds. A maximum correlation of 0.43 occurs 
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when sea level (used here as a measure of transport) leads the winds by three 
months. The rather surprising result that wind lags the flow over interannual time 
scales can probably be explained by the fact that the maximum correlation between 
eastern tropical Pacific sea surface temperature and basin-wide winds over the North 
Pacific is found to be 0.48 when winds lag temperature by six months. (This is a 
rather interesting finding in itself demonstrating an important teleconnection be-
tween the tropical ocean and the mid-latitude Pacific atmosphere.) Thus the correla-
tion between basin-wide winds and the flow of the California Current is probably 
simply an indirect reflection of the relation between El Nino and the flow noted pre-
viously. This again illustrates the danger in deducing causal relationships from an 
incomplete analysis. The interannual basin-wide wind forcing proposed by Chelton 
(1981) is apparently not an important process statistically. The anomalous events 
of 1953, 1967-68, 1976 and 1978 remain unexplained at the present time. 

8. Conclusions 

The large variations in sardine catch in the California Current observed in the 
1940's motivated an extensive long-term sampling program of this ecosystem (the 
California Cooperative Oceanic Fisheries Investigations). The CalCOFI survey be-
gan in 1949 and has continued through the present time, although somewhat inter-
mittently since 1969 (see Section 3). The goal of the CalCOFI program has been to 
develop a framework from which the importance of natural environmental or bio-
logical variability can be evaluated. 

This study has demonstrated that there are very large-scale variations in the 
physical conditions of the California Current over interannual time scales. Using 
zooplankton abundance as an index of biological variability, it has also been shown 
that these changing environmental conditions are strongly coupled with biological 
variations in this region. Increased zooplankton biomass is associated with a de-
crease in water temperature and increased equatorward flow. Correspondingly, 
decreased zooplankton biomass is associated with an increase in water temperature 
and weak equatorward flow. Surprisingly, local coastal upwelling driven by the 
longshore component of wind stress is uncorrelated with these variations in the 
water flow and zooplankton biomass. This is largely due to the fact that the time 
scales associated with the physical and biological fluctuations are much longer than 
those of the wind stress. 

We conclude that large-scale variations in the flow play the dominant role in 
controlling zooplankton biomass in the California Current. These variations in sec-
ondary productivity are believed to reflect increased primary productivity in response 
to nutrients either advected downstream from high latitudes or brought to the sur-
face layer by the vertical advection associated with geostrophic tilting of isopycnals 
from variations in the flow. Note that the latter process is not upwelling in the 
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classical wind-induced sense. Whether the source of nutrients is horizontal or verti-
cal advection is not nearly as important as the fact that changes in the flow rather 
than wind-driven upwelling are responsible for large-scale nutrient regeneration and 
zooplankton variability in the California Current. 

The causes of these large-scale interannual variations have not been fully resolved. 
They appear to be strongly related to El Nino occurrences in the eastern tropical 
Pacific, but this relationship sometimes breaks down. An apparent relation to larger 
scale (basin-wide) aspects of wind forcing appears to actually reflect a relation be-
tween basin-wide winds and El Nino in the eastern tropical Pacific. The causes for 
the discrepancies between low frequency variability in the eastern tropical Pacific 
and the California Current is an area worthy of further investigation. The nature of 
the underlying causal mechanisms is probably quite complex and may have to wait 
for longer time series to be compiled (more realizations of the "signal") before the 
causes of these interannual variations can be more thoroughly understood. 
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APPENDIX 

Objective technique for averaging two or more gappy time series 

The large-scale aspects of zooplankton, temperature and salinity variability were examined in 
Section 5 by forming spatial averages of the data over the entire California Current. Consider a 
set of time series x(n,t) at N grid points n. For months t when none of the individual time 
series are missing data, the spatial average can be computed straightforwardly by 

N 

y(t) = + L x(n,t) . (1) 

n =l 

Because of numerous data gaps in the time series, computation of y(t) by (1) was not always 
possible. For months t when one or more of the x(n,t) were missing, the spatial average was 

objectively estimated from the existing data by 

N 

y(t) = {3(t) L x(n', t), (2) 

n ' = l 
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where the summation over n' includes only those spatial grid points in (1) where x(n,t) exists. 
For ease of notation, the temporal dependence will be omitted and the limits of the summation 
will be assumed to be from 1 to N unless explicitly stated otherwise. The merit of an objective 
method is that it provides a statistical measure of the expected square error of the estimated 
spatial average which is given by 

<(y-y)'> = ;. LL <x(n)x(m)> - LL <t"(n')x(m)> + /32 LL <x(n')x(m')> (3) 

n m n' m n' m' 

where, again, the summations over primed quantities include only those grid points in (1) where 
data exist and < > is used to denote expected or mean value. Thus, the objectively estimated 
values can be accepted or rejected on the basis of a quality test. The mean products in (3) can 
be estimated from the sample data by assuming the statistics to be stationary so that, for 
example, 

T 

<x(n)x(m)> = + L x(n,t)x(m,t). 

t=1 

The summation is over the T months t when both x(n,t) and x(m,t) exist. 
The coefficient /3(1) is determined by minimizing the expected square error of the estimate, 

which leads to 

LL <x(n')x(m)> 
1 n' m 13--

- N LL <x(n')x(m')> 
(4) 

n ' m• 

Note that f3 is dependent upon which particular x(n,t) are missing. Since the gaps in the indi-
vidual x(n,t) are, in general, randomly distributed through the record, {3 must be computed 
separately for each month. 

Substituting (4) into (3), the expected square error of the estimate can be expressed as a 
fraction of the mean square of the average time series by 

<(y-y)2> 
<y2> 

[4.~ <x(n')x(m)> J 
1-==,-.:=-----~----=---LL <x(n)x(m)> LL <x(n')x(m')> 

n m n' m' 

(5) 

For months I when there is no missing data, (5) reduces to zero and the spatial average is 
computed exactly. At the other extreme, when all of the x(n,t) are missing, f3 is indeterminate 
and no objective estimate of the spatial average can be made. For intermediate cases, the rela-
tive expected square error given by (5) depends in a complicated way on the number of missing 
data and the degree of correlation between the missing and existing data values. In general, 
when the spatial scales of variability are large so that all of the individual time series are inter-
correlated, the second term in (5) approaches I. Then the relative expected square error of the 
estimated spatial average is small. This was the case for the zooplankton, temperature and 
salinity data examined here. A reasonably accurate estimate can be made even when the mun-
ber of missing data values is large. In this study, relative expected square errors seldom ex-
ceeded 10% and estimates with relative expected square errors exceeding 25% were arbitrarily 
rejected. 
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