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THE WINDS OVER THE NORTHEASTERN
PACIFIC OCEAN AND THEIR EFFECT
UPON THE WATER

The most important force moving the surface
waters of the ocean is the wind. Upon comparing a
current chart of the North Pacific Ocean with a chart
of the winds, one is immediately struck by the simi-
larities in direction of motion. The strong westerly
winds in high latitudes move the water castward and
the strong and counstant trade winds farther south
push the water westward. Both the winds and the
water go through an enormous clockwise circulation
in the North Pacific Ocean. The California Current
lies at the eastern, southward-flowing side of the
circulation.

The circulation is of course not quite so stmple as
this. There are countercurrents and subsurface cur-
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rents which are harder to understand and to measure,
and there are seasonal changes in the eirculation of
the air which are reflected in the motion of the water.
The California Current flows southeastward between
a cell of high atmospherie pressure to the west and a
cell of low pressure on the landward side. The winds
over the California Current are mostly from the north
and west and are strong when these two cells are
close together and intense, weak when the cells are
farther apart and moderate.

Both these cells are weakest in winter; that is, the
high pressure cell 1s lTess high and the low is less low.
The high to the west moves north in spring and sum-
mer as it grows shightly stronger and moves south
again in the fall as it weakens. The low over the land
15 a semi-permanent feature with a wider range of
seasonal variation. The pressure differences between
these two cells afford the best data available for the
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FIGURE 1. Average monthly atmospheric sea level pressure (in millibars) over the eastern North Pacific Ocean and the western coast of North
America during four months of the year.



study of wind variations over the California Current
region, since not enough direet measurements of wind
are available to permit the study of year-to-year
changes. Under certain assumptions winds can be cal-
culated from the difference in atmospheric pressures
at two places. Such calenlated winds ave called geo-
strophic. In some parts of this discussion the pressure
eradients have been expressed as meters per second
ot (geostrophie) wind.

The c¢hanges in strength and location of the cells
canse seasonal changes in the winds (Fig. 1), From
spring through fall over most of the California Cur-
rent the winds have. a northerly component which
tends to push the current along but in winter this
northerly component either weakens or reverses. In
winter when the north winds are less effective a
countereurrent develops at the surtface near the coast
from DBaja California to some distance bevoud Point
Conception,

Alone the coast of California and Baja California
winds from the north and northwest are of peculiar
iimportance. Under the force of these winds and the
carth’s votation the surface waters are turned from
their movement along the coast to a direction off'shore.
Some part of the waters which move offshore are then
replaced by water trom below. This replacement is
known as upwelling, and it is important because it
brings to the surface waters which are richer in nu-
trient material than the waters they replace. Since
upwelling is the result of the north and northwest
winds it will be most marked when these winds are
strongest. They are strongest off Baja California in
April and May, off southern and central California
in May and June, off northern California in June and
July, and off Oregon in August. In winter the winds
south of Point Conception are still northerly but north
of Point Conception they are westerly and southwest-
erly. In the south upwelling will be strongest in spring
and in the north it will be strongest in summer,

These two feat{n‘vs, upwelling in spring and sum-
mer and conntercurrent in fall and winter, will be
referred to frequently in the sections on currents,
water properties, and the relation of these to the
plants and animals of the eurrent system.

In any discussion of wind Point Coneeption stands
out. Mariners have long known that strong winds are
found to the west-southwest of the Point. Typical
wind strengths, from measurements made by a
CCOFT eruise in May, 1953, show the local intensifi-
cation (Fig. 2). About one day was spent on each
line shown. The strongest winds were found just be-
vond Point Conception where their strength was
about twice the average along the line. This feature
seems to be confined to the months from April to
August. Tt may occeur to the south also but the evi-
dence s not conelusive,
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FIGURE 2. Variations of wind speed with distance from coast, May
1953. Measurements made along Station Lines 80, 100, 120, and 137,
on CCOFI Cruises. Wind expressed as meters per second. Strongest
winds occur off Point Conception.

THE CURRENTS

The California Current system is a part of the
ereat clockwise circulation of the North Pacific Ocean.
At high latitudes the waters move eastward under
the influence of the strong westerly winds (the ‘‘roar-
mg forties’’) and near the coast of North America
divide into two branches. The smaller part turns
northward into the Gulf of Alaska, and the larger
part turns southeastward to become the California
Current. In general the temperatures in the open
ocean are lower toward the north so that the branch
turning northward into the Gulf of Alaska is known
as a warm current. The water which is brought south
by the California Current system is cooler than the
waters farther offshore. As it moves slowly south
at speeds generally less than half a knot it becomes
warmer under the influence of the sun and by mixing
with the warmer waters to the west. As it nears the
latitude of 25° N it begins to turn westward and its
waters become part of the west-flowing North Equa-
torial Current. On the inshore side of the current
some disturbances in the circulation are found.

A small eddy is usually found offshore from Cape
Mendocino through most of the year (Fig. 3a). A
similar eddy is found between Guadalupe Island and
the mainland. A permanent eddy, the Southern Cali-
fornia Countercurrent (Sverdrup and Fleming,
1941), is found inside the submerged peninsula that
extends southeast from Point Conception and includes
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Santa Rosa Island, San Nicolas Island, and Cortes
Bank. The waters on the eastward side of this are
protected from the northwest winds by the land and
separated in part from the strong southeasterly-flow-
ing offshore current. The currents are weaker and
usually to the north. The waters remain off the coast
of southern California for a considerable time and
become much warmer than those offshore, which are
constantly replaced by cooler water from the north.

The area off southern California was studied by
Sverdrup and Fleming (1941) using the data taken
by the California Division of Fish and Game vessel
Bluefin in the late ’30s and the University of Cali-
fornia vessel E. W. Scripps in 1940 and 1941; and
until the CCOFI program began it was the only area
which had received any detailed attention. The small
area covered by these cruises made speculations about
the continuity of the northward flow around Point
Conception extremely difficult. Only one extensive
cruise was made from Punta Eugenia to Cape Men-
docino. As this was conducted in the summer of 1939,
it did not bear upon the problem of the continuity of
the winter countercurrent. However, many of the re-
sults of the CCOFI program in the regions where
Sverdrup and Fleming had little or no data had been
anticipated to a remarkable degree by their specula-
tions.

A deep countercurrent, below 200 meters, flows to
the northwest along the coast from Baja California
to some point beyvond Cape Mendocino. It brings
warmer, more saline water great distances northward
along the coast. When the north winds are weak or
absent in late fall and early winter the countercurrent
forms at the surface well on the inshore side of the
main stream and extends from the tip of Baja Cali-
fornia to north of Point Conception, where it has
been called the Davidson current. The causes of the
deep countercurrent and its appearance at the surface
in winter are not understood. Rossby (1936) derived
a theory of oceanic circulation in which a large ocean
current has associated with it on its lefthand side
looking downstream a countercurrent; and Sverdrup
et al. (1942) mentioned the possibility that the Cali-
fornia Current system is an example of this sort of
circulation. However, the assumptions are not all
fulfilled and this theory cannot be applied with any
confidence at present.

The process of upwelling, in which winds parallel
to the coast move the waters offshore, has been men-
tioned. This effect seems to be intensified south of
capes and points which extend out into the stream.
Thus Cape Mendocino, Point Conception, and Punta
Eugenia are regions of more intense upwelling than
the rest of the coast.

Some of the current measurements made by the
CCOFI program are shown in figure 3. They are com-
puted from the density distribution of the water,

measured at the points indicated. In order to express
these density distributions as currents it is necessary
to make certain assumptions. These are that the cur-
rents and density distribution are steady, there is no
effect of friction either at the bottom or from wind
at the surface, there is some depth (perhaps 1000
meters) at which there is no motion and to which
the density measurement can be referred, and above
this level all movement is horizontal and east-west.
These assumptions are no doubt best fulfilled farther
upstream where the west wind drift at 160° W longi-
tude is very nearly east-west and where the ocean
is deep. At any rate the currents computed from the
density distribution in that area have been in agree-
ment with the many measurements made by the set
and drift of merchant vessels (University of Califor-
nia (in press) and U. S. Hydrographic Office, 1947).

Offshore in the California Current system these
measurements are equally in agreement with the set
and drift results and present a coherent picture of
the clockwise e¢irculation of the North Pacific. Near
the coast, however, the assumptions are not so well
fulfilled. The effect of the irregular coastline cannot
be entirely ignored, nor the varying depth. These and
the winds, which sometimes reinforce and sometimes
oppose the current, and the significant vertical motion
in the regions of upwelling and the oscillations of
internal waves (Reid, 1956) all combine to make the
measurement of currents by density distribution less
accurate and less useful.

The currents computed from density are less clear
near the coast (Fig. 3). Indeed it is not upon the
density measurements alone that our knowledge of
the countercurrent is based, but upon the observed
effect of the countercurrent in moving large quantities
of water of a distinet type far up the coast, and upon
various direct measurements obtained by drogues,
drift bottles, and an electronic current-measuring in-
strument, the Geomagnetic Electrokinetograph (von
Arx, 1950).

Because of the doubtful validity of eomputing cur-
rents from density in the nearshore regions, especially
around the Channel Islands, work was done as early
as 1937 with drift bottles (Tibby, 1939) and in 1950
with drogues. The density distribution indicated a
movement to the northwest inside the islands. Meas-
urements of the currents made at the same time (in
June 1950) by both the density method and drogues
showed a northwesterly flow. Whether this flow
reached as far as Point Conception and proceeded
northward around the Point in summer has been more
recently inquired into by using drift bottles. These
have been put over on all the CCOFI cruises made in
the last three years. The results have been very in-
formative. They have indicated a flow northwestward
from the Channel Islands region around Point Con-
ception only in late fall and winter. In summer the
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FIGURE 3. Ocean currents off the western coast of North America.
(a) Surface current, August 1955, dynamic height anomalies, 0 over
1000 decibars, contour interval, 0.10 dynamic meters; (b) Surface
current, November 1952, dynamic height anomalies, 0 over 500
decibars, contour interval, 0.05 dynamic meters; (c) Surface current,
March (composite), dynamic height anomalies, 0 over 500 decibars,
contour interval, 0.10 dynamic meters; (d) Current at 200 meters,
August 1955, dynamic height anomalies, 200 over 500 decibars,
contour interval, 0.05 dynamic meters; (e) Current at 200 meters,
March (composite), dynamic height anomalies, 200 over 500 decibars,
contour interval, 0.05 dynamic meters; (f) Current in December 1954
as determined by three methods—from density distribution, drift
bottles, and Geomagnetic Electrokinetograph (GEK).
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drift bottles have moved short distances northwest-
ward along the coast between San Diego and Port
Hueneme but none has rounded the corner. There is
reason to believe that they turn southward again in
summer as they near the Point and are carried down
with the main current. An interesting feature of the
drift bottle results is that few of the bottles put over
more than 40 miles offshore have returned to the
coast. This result is consistent with the assumption
that the surface waters are nearly always moved
slightly offshore by the prevailing winds.

The currents were measured in December 1954 by
the distribution of density, by drift bottles, and by
means of an electronic current-measuring device (Fig.
3f). The three methods are in general agreement, all
of them showing a mnorthwestward flow past Point
Conception. The electronic measuring instrument has
revealed many short-period changes in the surface
currents off California (Reid: in press). Some of these
variations appear to be tidal. There is so much varia-
tion over a 12-hour period that a single measurement
is difficult to interpret. A clearer picture is found
when some averaging system is introduced either by
area or by time (Knauss and Reid, 1957).

THE NATURE OF THE WATERS
ENTERING THE MAIN STREAM

The waters of the California Current come from
four water masses distinguishable by their content of
heat, salt, oxygen, and phosphate. (The deeper eircu-
lation is excluded from this discussion.) Processes of
mixing and surface effects cause these properties to
change as the water moves. We shall identify them by
their descriptions as they enter the area of interest.

From the North

A great part of the water mass which moves east-
ward across the North Pacific has been called Sub-
arctic water. At 147° W longitude this eastward-
moving mass is centered at about 48° N latitude in
summer. It is this water mass which gives to the off-
shore waters of the California Current their charac-
teristic surface properties of low temperature, low
salinity, high oxygen and, in part, their high phos-
phate. These properties distinguish this water mass
sharply from the waters to the southwest with which
it mixes as it moves down the coast of North America.
Mixing alters the properties of the Subarctic water
considerably before the Current begins to turn south-
west at about 25° N latitude. But it is still clearly rec-
ognizable, especially by the low salinity, as it turns
westward and becomes part of the North Equatorial
Current.

From the West

In the central part of the North Pacific lies water
whose properties are in sharp contrast to those of

the Subarctic water mass. This water has remained
in the central part of the North Pacific gyral long
enough for its temperature to be raised, its salt con-
tent to be raised by evaporation, and the nutrients in
the surface layer nearly exhausted. These two bodies
of water move eastward side by side until they ap-
proach the coast of North America. Some mixing
takes place as they move to the eastward, though the
boundary still remains relatively sharp. But as the
Subarctic water turns southeastward to become the
California Current much more horizontal mixing takes
place near the surface. This continues down the coast
so that the upper waters have attained quite different
characteristic values by the time the Current begins
to turn southwest. The mixing does not take place
equally at all levels but is most intense near the sur-
face, so that the upper waters come to be dominated
more nearly by the Central Pacific characteristies
than do the waters below 100 meters. This effect will
be shown later on vertical profiles.

From the South

To the far south lies a great body of water called
Equatorial Pacifie, which has been defined by a cer-
tain easily recognizable temperature-salinity relation.
In the upper levels these waters are very warm and
salty. The major influx of these waters into the Cali-
fornia Current system occurs along the coast well
beneath the surface. At the tip of Baja California the
temperature-salinity relation below 200 meters coin-
cides with that of the definition of Equatorial Pacific
water. This water also fills the lower levels of the Gulf
of California. The water which moves up the western
coast of Baja California at depth must have been
beneath the surface for a long period because it is
low in oxygen and high in phosphate. This implies a
great deal of decomposition of organic matter fallen
from the surface, and no extensive mixing with the
surface waters.

From Below

The strong northwesterly winds near the coast of
the Californias combine with the earth’s rotation to
effect an offshore transport of the surface waters.
These are replaced by colder, more saline waters from
below. Having been below the surface for a long time,
the water thus upwelled contains nutrients which have
been both produced in it by decay and by mixing with
the still richer, untapped reservoirs below. Some part
of these upwelling waters comes from the lower levels
of Subarctic water and some parts are a transitional
form of the Equatorial Pacific water which has flowed
far up the coast beneath the surface and mixed with
the lower levels of Subarctic water.

The wind charts (Fig. 1) have shown that winds
are more likely to cause upwelling in spring and early
summer but that there is some tendency for upwelling
at other times of the year. The predominance of the
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wind from the northwest even when weak and the
general southeastward movement of the current com-
bine with the irregularities in the sea bottom and with
such sharp breaks in the coastline as Cape Mendocino,
Point Conception, and Punta Eugenia to cause spots
of cold, salty water near the coast through a great
part of the year though, as will be seen, spring and
early summer are the periods of strongest upwelling.

RESULTANT DISTRIBUTION OF PROPERTIES
AND THEIR VARIATION WITH SEASON

The properties of the water are shown by the hori-
zontal charts and vertical profiles. Some have smooth
patterns, some change abruptly, some are character-
ized by maxima and minima which appear as tongues
or fingers penetrating other waters.

Temperature

In general ocean temperatures become higher to-
ward the equator and lower toward the poles. Over
most of the Pacific Ocean the lines of constant tem-
perature run east-west. The clockwise circulation of

the North Pacifie Ocean, however, causes the iso-
therms to bend sharply toward the south as the cur-
rents approach North America. The southward flow-
mg cooler Subarctic water ecollides with much
warmer water toward the tip of Baja California (Fig.
4a) where a sharp front is nearly always found near
the coast (Cromwell and Reid, 1956). In the south-
west are found the high temperature values of the
central part of the great North Pacific gyral. Even
these high values, however, are surpassed by the warm
water at the tip of Baja California.

The coldest water in the area shown on ficure 4a,
however, is not in the north, but off California. An
isolated cold area extends from the Columbia River to
Point Conception. In August the only possible origin
of such waters is from below. This water then is up-
welled and will later be seen to be high in salinity
as well. Weaker upwelling takes place at numerous
points from San Diego to Magdalena Bay. In August,
the npwelling off Baja California is weak, as its maxi-
mum oceurs earlier in the year, but off northern Cali-
fornia upwelling is at its strongest and the tempera-
tures are affected correspondingly.
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FIGURE 4. Ocean temperatures at 10 meters (degrees Centigrade).
(a) August 1955. (b) March (composite).

The great eddy off southern California results at
this time of vear in a local high temperature between
San Diego and San Clemente Island. This water is
moving very slowly to the northwest and is warmed
to these high temperatures as it moves.

Four profiles of the upper 600 meters of water
drawn roughly perpendicular to the direction of flow
are shown in figure 5a. The high temperatures at the
surface diminish very rapidly with depth and at 600

meters the difference between the northern and south-
ern temperatures is of the order of a degree. At the
surface this difference way be as high as 10° C. Near
the tip of Baja California, where the deep waters
reach their maximum temperature, a small inversion
in the temperature is nearly always found. The cool
and less saline waters of the California Current here
have overridden the warmer and more saline waters
of the deep countercurrent to such an extent that over
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FIGURE 5. Vertical profiles of temperature, salinity, oxygen and phosphate from the surface to 600 meters, August 1955.

(a) Temperature, degrees Centigrade.

a small area and through a narrow range of depth
the temperatures may actually increase with depth
at about 100 to 150 meters.

Offshore the upper waters vary seasonally in a
rather smooth and regular pattern (Fig. 6.). In Janu-
ary and February a well-mixed surface layer is found
with the water becoming colder quite suddenly be-
neath it. The region of sharp change is called the

thermocline. In spring the water receives more heat
from the sun and a thin layer of warmer water ap-
pears at the surface. A new thermocline is formed
near the surface and this strengthens and becomes
déeper as the summer passes, and the original winter
thermocline loses its identity. The surface is warmest
from August to October but the new thermocline con-
tinues to deepen until finally it reaches the depth of
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(b) Salinity, parts per mille.

the original thermocline. A curious result of this se-
quence is that the high temperatures are found later
in the year at deeper levels than at the surface. Ieat
is still conducted downward by the process of mixing
long after the highest surface temperatures are past.
This circumstance may be of some importance in the
distribution of dissolved oxygen and will be mentioned
again. (The upper left-hand section of figure 6 is

taken from Robinson, 1957, and Mrs. Robinson also
prepared the rest of the data for the figure.)

Near the coast two entirely different causes of sea-
sonal change are found, and these alter the simple
offshore sequence. The first is upwelling, which occurs
earlier south of Point Conception than northward. To
the south it occurs at about the time of the offshore
seasonal low in temperature. Upwelling and seasonal
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(<) Oxygen, milliliters per liter.

cooling combined result in a wider range in tempera-
ture than is found offshore. North of Point Conception
upwelling occurs later and lengthens the cold period,
and diminishes the seasonal range well below that of
the offshore waters. Thus the March and August tem-
peratures off Cape Colnett (30° N) are 12° C and
19° C while off Cape Mendocino they are both between
10° C and 11° C (Figs. 4a and 4b).

The second principally coastal cause is the seasonal
ebb and flow of the countercurrent. This current,
which is found off Baja California in the fall, brings
warmer water from the south northwestward along
the coast. Tt increases the fall high in temperature
and extends it long enough to delay the spring low.
[t will be seen to be even more effective m altering
the salinity.
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(d) Phosphate-phosphorus, microgram atoms per liter.

The results of the various seasonal forces are shown
in figure 7 for the surface temperatures. Offshore the
seasonal variation is largely the result of radiation
and exchange with the atmosphere. A simple pattern
is found with the ranges greatest in the north, where
the variation of sunlight is greatest. Near the con-
tinent north of Point Conception the seasonal range

15 decreased and the cool period lengthened by up-
welling. Between Point Conception and Punta Eu-
genia upwelling increases the seasonal range. South
of Punta Eugenia the fall countercurrent raises the
range above that offshore and delays the low until
late spring. (Data for the areas 40-45° N 127-130° W]
and 45-50° N 124-127° W, are from Robinson, 1957.)
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FIGURE 7. Seasonal variation of temperature at the surface off the
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There are marked year-to-vear differences in
monthly average temperature. Such differences are
indicated in the long and continuous (40 years) data
for the Scripps Pier (Fig. 8). (Temperatures at this
position will later be shown to represent to a high
degree the general fluctuations in conditions off
southern California and northern Baja California.)
The maximum observed range of average monthly
temperature is about 7° C and the average range is
nearer 5° C. The frequency distributions are not
svmmetrical, especially during the months of mini-
mum temperature (February through April). In this
period the mean temperature is closer to the minimum
than to the maximum of the range. This can be in-
terpreted to mean that large temperature departures
in the cold months are caused by an intrusion of warm
rather than cold water. In late summer an opposite
asyvmmetry is less clearly suggested.

In regions of small seasonal range the highest tem-
peratures in one year may be lower than the lowest
in another. Thus the monthly temperature averages
at North Farallon Island (where the seasonal range is
reduced by upwelling) in 1940 were higher through-
out the year than in any month in 1955 (Fig. 9).
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FIGURE 9. Monthly average temperature at North Farallon Island in
1940 and 1955. Temperature in degrees Centigrade.

Salinity

The California Current brings water of low salt
content (about 32.5 parts per mille is the minimum
value farther upstream) from higher latitudes down
the coast where it mixes with water of higher salinity
from below, from the west, from the inshore upwelling
areas and the south (Figs. 10a and 10b). At times
(Fig. 10a) the Columbia River makes an appreciable
contribution of fresh water and at other times the
countercurrent in the south contributes very salty
water (Fig. 10c¢).

This history of the low-salinity Subarectic water as
it moves down the coast is shown by the vertical pro-
files of figure 5b. On the upper line the water of low
salinity 1s shown coming in above 200 meters., Already
the horizontal mixing (which takes place faster in the
upper layer) has caused the surface layer to be
increased more than that below the permanent ther-
mocline, and a slight but clearly detectable and
continuous minimum can be seen (it is indicated by
the long dashes). Values greater than 34.00 parts per
mille (the shaded areas) are found over most of the
deeper waters of the North Pacific (Sverdrup ef al.,
1942) except where they are interrupted by Interme-
diate Water (dotted line). This water is generally sup-
posed to form (ibid.) in the western Pacific at the
intersection of the warm salty Kuroshio and cold, low-
salinity Oyashio Currents in the winter, and it sinks
to a depth corresponding to its density after mixing
and spreads over nearly all the North Pacific. In the
upper profile it loses its identity in the low-salinity
Subarctic water of the California Current, and in the
other profiles its low value 1s gradually increased by
mixing with the higher salinities of the Equatorial
Pacifiec and transition water to the east.

Before the water reaches the latitude of San Fran-
cisco much more east-west mixing has taken place, and
the iuflux of salty water from the west has greatly
intensified the difference between the surface values
and the minimum. The effect of the Columbia River,

shown to be small by the first profile, has now almost
entirely disappeared.

Still farther south the amount of water of low
salinity has diminished and the minimum has been
gradually eroded by vertical mixing. The California
Current does not terminate here, however, but can be
traced to the west by its low salinity into the west-
ward-flowing North Equatorial Current.

The effect of the subsurface countercurrent is most
strongly seen in the last profile. The water, as it en-
ters, has the temperature-salinity relation character-
istic of the Equatorial Pacific water. The salinity is
sufficiently greater than that of the California Cur-
rent water above it and the deeper Pacific water below
it to produce a maximum which continues as far north
as (Guadalupe Island. After the local maximum has
been mixed away the Equatorial Pacific water can
still be identified in a state of transition along the
coast possibly as far north as the Gulf of Alaska, and
in offshore waters as far as 40° N latitude.

The direct effect of the seasons upon salt content at
the surface is limited to processes of precipitation
and evaporation. Jacobs (1951) has estimated the
difference between these terms in each season. Over
the northern part of the current, rainfall predomi-
nates throughout the year, and evaporation in the
south, with the boundary at San Francisco in summer
and at Point Conception in winter. The seasonal
changes are not large compared to other areas of the
ocean. The largest difference is found off Washington
and Oregon where rainfall exceeds evaporation in
the winter by 14 centimeters per month and in the
summer by only 3 centimeters per month. If this
difference of 11 centimeters of rainfall were mixed
into the upper 30 meters of water of about 32.5 parts
per mille the salinity would drop by 0.12 part per
mille, and this might be the order of the seasonal vari-
ation expected from exchange with the atmosphere.

Such a small range is difficult to detect against a
background of strong vertical and horizontal varia-
tion (Iigs. 5b and 10a-d). The minimun value would
fall at about the time of year when the winds off
Washington are from the southwest, and these may
bring in enough salty, offshore water to cancel or
reverse the trend. In any case, no such consistent
minimum has been found in the offshore waters of
the California Current. Although several large
changes are indicated in the data taken by the CCOFI
program in this region, they occur in such a scattered
fashion as to present no coherent pattern at this
writing. This may mean that offshore the seasonal
variations are small compared to changes of other
periods, and this will be taken up in the section on
long-term variations,

Near the coast, however, several sorts of seasonal
change are found. In the far north the runoff from
the Columbia River has a seasonal variation, with the
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highest outflow in May and June and the lowest from
November through February. The U. S. Geological
Survey (1952) reported that in 1951 and 1952 the
rate of outflow ranged from 1800 to 7000 cubic meters
per second. Although the greatest outflow is about a
thousandth part of the California Current (Sverdrup,
et al., 1942), the fresh water is lighter and lies upon
the top of the ocean water until it loses its identity by
mixing.

Tt is in the salinity that the effect of the river water
is most obvious. It spreads over the surface of the
southward-moving current in a thin layer affecting
noticeably only the upper 10 meters. In this thin sur-
face layer the salinities may be reduced from the off-
shore value of 32.5 parts per mille to as low as 30
parts per mille. This is at once noticeable as a local
minimum in salinity (Fig. 10a).

In temperature and oxygen measurements the ef-
fects of the river water are much less obvious, since
the values in the river water are not so vastly differ-
ent from those of the ocean water. The amount of
dilution which has taken place by the time the waters
have moved 100 miles offshore (in the above case 8
percent of river water to 92 percent of ocean water),
obscures any difference. The same situation appar-
ently holds true for the phosphate. Although the effect
of the river water stands out on the charts of salinity,
the charts of temperature, oxygen, and phosphate do
not show any corresponding offshore peculiarities.

The CCOFI program has not measured the salinity
north of Cape Blanco in the period December through
February. The salinity in the area well south of the
river shows a drop in July, which would be consonant
with a maximum outflow in May and June, and the
values are below oceanic from July through Sep-
tember.

Southward the two great causes of seasonal varia-
tion in salinity are upwelling and current. The values
change as the upper waters are moved offshore by the
wind at Point Coneeption and the countercurrent ebbs
and flows south of Punta Eugenia (Fig. 11). The
salty southern water advances in the fall and retreats
in the spring.

North of Point Conception where the range of tem-
perature from March to August is reduced by upwell-
ing the range of salinity is increased (Figs. 10a and
10b). South of Point Conception the range is less.
March and August are not the extreme months in the
south. It is in January and June that the 10-meter
salinities show the greatest effects of the countercur-
rent (Figs. 10¢ and 10d).

There are striking differences in seasonal variation
at the surface over the whole area (Fig. 12). The
extreme effect of upwelling is seen north of Point
Coneeption and of the countercurrent south of Punta
Eugenia, with their high and low values at different
periods. In the intermediate area these effects combine

and reduce the seasonal range. In the south the sea-
sonal effects extend well offshore, but in the north
the range is small and the nature of the variation is
not clear.

Oxygen

Oxygen will dissolve in sea water up to a limit
(saturation value) which depends upon the tempera-
ture and salinity. Over most of the California Current
the oxygen above the thermocline is concentrated to
about 100 percent saturation. Oxygen is produced by
the photosynthetic activities of plants in the upper
levels of the ocean to which light can penetrate, and
it is consumed by processes of respiration and decay.
Since there are no new sources of oxygen at depth,
the deeper waters become depleted in oxygen. The con-
centration of oxygen has been used as an indicator of
the ‘‘age’’ of the water, that is, the length of time
it has been away from any contact with the surface;
and it is partly because of its low oxygen values that
the deep Pacific water is thought to be older than
the deep Atlantic water and to have originated in the
Atlantic (Sverdrup et al., 1942).

Most of the time the content of oxygen at the sur-
face is at or slightlyv above 100 percent of the satura-
tion value. Less often it is slightly below saturation.
The saturation value of oxygen depends upon both
temperature and salinity, but over the range of varia-
tion of these two quantities in the upper layers of the
California Current, the temperature effect is several
times larger than the effect of salinity. The saturation
valie of oxygen is higher at low temperatures; thus
the deep waters, which are colder than the surface -
waters, could hold more oxygen, but they rarely do
since the supply at depth is limited to mixing from
above or vertical movement.

In summer the upper waters entering from the
northwest are high in oxygen, containing greater than
7 milliliters per liter (Fig. 5¢). In the southwest
they hold generally less than 55. A striking feature
of the upper-layer oxygen distribution is the shallow
subsurface maximum found over most of the area in
summer and fall. Below this maximum, and at a level
corresponding to the salinity minimum, the oxygen
shows a sharp drop. The percentage of saturation
value, which has been at or above 100, drops as
markedly. This may mean that the water above the
permanent thermocline has relatively free aceess to
the atmospheric oxygen, but that the stability of the
water at the level of the salinity minimum (which
allows a thin layer to preserve its low salinity over so
many miles of motion) severely limits the transfer of
oxygen downward from the rich layers.

In the deeper layers very low values are found off
southern Baja California and extending northward
along the coast. Values at 200 meters off the tip of
the peninsula are less than one-tenth as high as those
in the northwest (Fig. 13). This water of low oxygen
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FIGURE 12. Seasonal variation of salinity at the surface off the western
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has been discussed with the salinity and seen to be
water from far south gradually weakening in distine-
tion as it moves northwest. It is of high salinity and
high phosphate as well (Fig. 5d). It must have been
below the surface for a long period, for its oxygen has
nearly been consumed in the decay of organic matter
from the upper layer.

150 140°
T T
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150° 140° 130° 120° 110°

FIGURE 13. Dissolved oxygen, in milliliters per liter, at
200 meters, August 1955,

The seasonal variations of oxygen at the surface
occur generally in response to the seasonal change in
temperature (and thus saturation value) ; that is, in

the cold months the water has more oxygen than in
the warm months. The average range of this variation
is about one milliliter per liter, though it may some-
times be higher. Thus the surface oxygen values off-
shore from Point Conception are usually slightly over
6 milliliters per liter from March to May and slightly
under 5.5 from August through November. The oc-
currence of the high values is delayed over a month
off Punta Eugenia, corresponding to the delayed
minimum of temperature. The high and low values
are about 6 and 5 milliliters per liter.

The surface values are sometimes less than 100 per-
cent saturation. In periods of intense upwelling the
water of low oxygen content from below may arrive at
the surface and remain below saturation (as its tem-
perature increases) for several days before saturation
is attained.

The slight subsurface maximum (Fig. 5¢) has been
referred to as a summer and fall occurrence. Such a
maximum is rarely found in the winter or spring.
The sequence of formation of the maximum is gen-
erally as follows: In winter the oxygen values in the
mixed layer are fairly constant with depth at about
100 percent saturation or very slightly above. In
spring the surface values begin to fall. The oxygen
content at 30 to 70 meters depth does not begin to
fall until July or August; thus a maximum value is
found around 50 meters from late spring until win-
ter, nearly always slightly supersaturated.

A possible cause of the subsurface oxygen maximum
is the subsurface production by phytoplankton. A
more likely one might be the ‘‘entrapment’’ of oxygen
by the water during the cold periods. If the values
near the surface, which is in contact with the air, de-
crease more rapidly from their common winter maxi-
mum, then the subsurface water will for some period
contain more oxygen. The lag of the deeper values be-
hind the surface in the period of minimum and maxi-
mum temperature has been mentioned. This would
cause the saturation limits of oxygen to decrease later
at depth than at the surface. Redfield (1948), after
examining the seasonal changes in the Gulf of Maine,
concluded that over the whole year photosynthesis
there has considerably less effect than changes of
saturation value, but that at the period of minimum
temperature (and small change) photosynthesis may
dominate.

Phosphate

Phosphate is important to life in the sea as one of
the principal nutrients. The North Pacific contains
higher phosphate concentrations than the Atlantic or
Indian Oceans. Its maximum values are well below
the surface, usually just below the oxygen minimum,
which places them at a depth of 1000 to 1200 meters
(Wooster, 1953). Values greater than 1 microgram
atom per liter are found in the Subarctic water at



PROGRESS REPORT, 1 JULY 1956 TO 1 JANUARY 1958 47

the surface north of 45° N latitude, inereasing to
values as great as 3 at a depth of 200 meters. At
corresponding latitudes in the Central Atlantic Qcean
the surface values are less than 0.1 miecrogram atom
per liter (Sverdrup et al., 1942). It has been shown,
in fact, that for certain organisms the phosphate is
present in sufficient quantity for growth everywhere
in the North Pacifie (Goldberg et al., 1951). This has
not been shown, however, for all organisms and for
other nutrients. The phosphate continues to be investi-
gated in the Pacific, not only because of its own pos-
sibly eritical value, but because it may be an indicator
of other nutrients.

The high phosphate values of the Subarctic water
at 147° W longitude drop off sharply to the south
(Fig. 5d). Below 35° N in that longitude they are less
than 0.5 microgram atom per liter in the mixed layer.
The average value over the southwest part of the re-
gion is about 0.3 microgram atom per liter. Phosphate
is concentrated at depth (Fig. 5d) and its upward dif-
fusion is found to be limited, as was the downward
diffusion of the oxygen, by the stable layer below the
seasonable thermocline. In regions where there is a
salinity minimum below the mixed layer, the first
marked increase of phosphate is almost invariably
found at the minimum value of salinity. In the Cali-
fornia Current system the mixed layer is shallower
near the land. Some photosynthesis may take place
beneath the mixed layer in the nearshore regions, and
the nutrients used in the process can be more easily
replaced than those in the mixed layer by diffusion
from below.

Over the Northeastern Pacific the horizontal dis-
tribution of phosphate at 100 meters depth and the
horizontal distribution of zooplankton are very much
alike (Figs. 14 to 16). The higher zooplankton vol-
umes are found in the Subarctic waters where they lie
near the surface in the California Current region,
and especially in the regions of upwelling. Farther
offshore the high values of phosphate are found at
greater depths, where no photosynthesis can take
place, and where replenishment of the surface waters
is very slow.

The close relation of phosphate to zooplankton is
somewhat baffling if, as has been suggested, the phos-
phate values in the Pacific are high enough every-
where to promote normal growth. The relation holds
however not only in a rough fashion over large areas
(Figs. 14a and 14b) but in a remarkable station-to-
station coherence (Iigs. 15a-b and 16a-b). This indi-
cates that the zooplankton growth takes place in the
areas of high phosphate near the coast, and that par-
cels of this water moving outward into the main
stream contain both high phosphate and high zoo-
plankton volumes.

The seasonal variations of phosphate are more diffi-
cult to understand in the California Current system

than they have been in the Atlantic. Redfield (1948)
and Redfield, Smith, and Ketchum (1937) have dis-
cussed the seasonal variation of phosphate in the Gulf
of Maine; and Atkins (1923-30) and Cooper (1933
and 1938) have discussed the variation in phosphate
in the English Channel. In both regions a marked
change occurred in the upper levels in summer owing
to the consumption of the phosphate by the phyto-
plankton. However, the lowest values near the Cali-
fornia coast at any time of year are generally higher
than the highest values ever attained in the two
Atlantic areas mentioned. The same consumption of
phosphate in the California Current would cause a
proportionately smaller drop in phosphate. Further-
more, the periods of minimum phosphate found by
the authors mentioned above occur in summer as the
result of heavy plant growth. This same period in
the California Current is one of great replenishment
of phosphate by upwelling. In a discussion of the
seasonal variation of oxygen in the Gulf of Maine,
which has already been mentioned, Redfield (1948)
made use of a relation between the oxygen and phos-
phate transformation in the biological processes of
photosynthesis and respiration. He accounted in part
for the seasonal change in oxygen by the change in
phosphate. Using this relation, and taking into ac-
count the maximum effect of photosynthesis allowed
by the observed values of chlorophyll ‘“a’’ in the
region south of Point Conception (Holmes, personal
communication), an absolute maximum consumption
of phosphate of the order of 0.4 microgram atom per
liter per month might be attained. The actual value is
likely to be much less than this, and the amount of
upwelling necessary to produce the observed tem-
perature and salinity effects near the coast could
easily counterbalance this consumption.

On the other hand, the phosphate values have not
shown the effects of upwelling as clearly as have tem-
perature and salinity. The measurement of phosphate
has not been carried on as successfully by the pro-
gram as have the measurement of temperature, salin-
ity, and oxygen; and the measurement has not been
so continuous nor covered so wide an area. Higher
values near the surface are found at the appropriate
times as the result of upwelling, but the appearances
are not so regular or simple as those of temperature
and salinity.

RELATION OF THE ENVIRONMENT
TO THE PLANTS AND ANIMALS

The previous discussion has shown that the Cali-
fornia Current system contains a band of cool water
reaching from high latitudes far down the coast of
North America. It brings in waters of relatively high
phosphate content (Fig. 14a), in sharp contrast to
the waters farther offshore. Along the coast this



48 CALIFORNIA COOPERATIVE OCEANIC FISHERIES INVESTIGATIONS

160 140 50

100-199

40°

407

307

20 194
160°
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100 meters. (b) Zooplankton volumes, cubic centimeters per 1000 cubic meters.
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higher value of phosphate is reinforeed by the up-
welling of deeper waters whose nutrient properties
have not been exhausted. From the south at a depth
of about 200 meters another current, also high in
phosphate content, moves northward. This water has
but little dissolved oxygen left (Figs. 5¢ and 13). This
indicates that the oxygen has been depleted by
respiration and the decay, over a long period, of
organic material. The product of this decay is nutri-
ent material, which is transported up the coast im-
mediately below the surface layer and becomes
available to the plants by mixing and upwelling.

The result, then, is a narrow band of waters all
along the coast which are high in phosphate and pre-
sumably other nutrients. One effect of the richness of
these waters is seen in the high volumes of zooplank-
ton along the coast (Figs. 14 to 16), which are highest
in regions where the upwelling and mixing are strong-
est. These high volumes contrast sharply with those
of the less abundant waters of the west and south-
west, and it is this great mass of living matter which
accounts for the coastal fisheries.

This living matter, however, is of vastly different
kinds, each with its own particular needs, so that
within the region the species have quite different
sorts of distributions. Most of the planktonic animals
prefer the nearshore waters, but some have particular
needs which cause them to live in greatest quantity
offshore.

Relations have been found between the character of
water masses and currents off sonthern California and
the marine plants, diatoms (Sverdrup and Allen,
1939). Of particular interest is the finding that the
offshore waters contain few diatoms, whereas the
eddies of inshore water may contain large numbers.
Theyv found that the ‘‘age’” of the surface water was
an important factor. Newly upwelled water is high
in nutrients, but after it has been at the surface for
a long time, as is the case with the offshore waters,
its nutrients have been consumed.

The planktonic animals have little power to move
through the water and are transported largely by the
currents. Different speecies and different stages of one
species may live at different depths and have different
limitations. Some must live near the surface and some
avoid light and some move up and down. Some thrive
at high temperature, some at low and some over a
wide range of temperature. The charts showing the
distribution of properties have shown that the prop-
erties vary in different manners. It does not seem im-
possible that an organism may be limited on one side
of its distribution by temperature and on another
side by some other properties, such as nutrients. Cer-
tain interesting examples of the regions inhabited by
particular species are shown in figures 17a to e, on
which are drawn certain other properties, which seem
to coincide with their boundaries. The examples cover

the larger part of the C(alifornia (‘urrent system.
Some species are distributed in the very ecold, rich,
waters of the northeast; others limited perhaps by a
need for higher temperatures, are found to the south-
west and may have an upper temperature limitation
farther west.

The requirements of the organisms shown are not
well enough understood for us to conclude that the
properties illustrated at the boundaries are the effec-
tive ones. The euphausiids, in particular, are difficult
to understand since they undergo a diurnal migra-
tion, and are deep in the daytime and near the sur-
face at night. As they must move back and forth
across a wide range of temperature in their migration,
it is difficult to think that some temperature at a
particular depth should be the major limiting factor.
Work has been done upon this (Boden, ef al., 1953)
and is being continued. The euphausiid distributions
(Figs. 17a to d) are from work made available by
Dr. Edward Brinton and the salp distribution (Fig.
17¢) is from Dr. Leo D. Berner.

NON-SEASONAL VARIATIONS IN THE
CALIFORNIA CURRENT SYSTEM SINCE 1916

The dependence of specific organisms on certain
properties of the water masses has been assumed and
to some extent measured. If conditions in the water
are different in one year from another, certain organ-
isms which thrive in the one year might not do well
in the other. If long series of data were available for
both the organisms and the current, the dependence
might be explored statistically. The length of time
this series would have to cover would depend upon the
simplicity of the relation and upon the nature of the
variations in condition and distribution. If the period
since 1949 contained several highly unusual years,
which were different from each other, the dependence
could be much more easily established than if the
vears were more nearly alike.

In order to have some background against which
the period of the CCOFI program can be examined,
certain previous data have been used. In the late
30s and early '40s the e¢ruises of the California Fish
and Game vessel Bluefin and the Scripps Institution
vessel E. W, Scripps made many measurements near
the Channel Islands area of southern California. The
E. W. Scripps also made one long eruise in 1939 from
Cape Mendocino to Punta Eugenia and two ecruises
into the Gulf of California, in 1939 and 1940.

In addition to these data, surface temperatures had
been measured by merchant vessels for many yvears,
and various agencies have collected these and ar-
ranged them by monthly averages for 5-degree squares
of latitude and longitude for each year. Principal
among these agencies is the Kobe Imperial Marine
Observatory in Japan to which we are indebted for
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the publication of such data over the North Pacific
Ocean from 1911 through 1938. In addition, for many
vears, the U. 8. Coast and Geodetiec Survey has taken
sea level temperature and salinity measurements at
various of its tide gauge installations along the west
coast of North America and Alaska. Observations of
surface temperature and salinity from 1923 through
1940 are available for the Blunt’s Reef light vessel
and from North Farallon Island. Surface temperature
and salinity measurements have been made daily at
Pacific Grove and at Seripps Pier for many years.
Meteorological data are available from the U. S.
Weather Bureau in the form of sea level atmospheric
pressure averaged by months from 1899 to the present.
With these data in hand, it has been possible to
compare the variations from year to year of tempera-

1920} 21 | 22 {23 |24 |25 |26 | 27 | 28 |29 1930 3! |32 |33 |34 |35 | 36 | 37 | 38
+5°C .|
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ture, salinity, and wind at various places. With the
exception of the surface temperatures from merchant
vessels, however, the hydrographic data are almost en-
tirely from the Bluefin and E. W. Scripps cruises 20
vears ago and the CCOFT cruises which began in 1949.

These data would seem rather scanty for an analysis
of variations in a major current over a long period,
but certain of the initial results have been encourag-
ing. The variations in temperature at points along the
coast of North America show considerable coherence
over great distances. The major anomalies in tempera-
ture, high or low, seem to last several months, im-
plying that monthly averages are not an unlikely
method of approach. Certain of these data are shown
by monthly anomalies (Fig. 18); that is, the value
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FIGURE 18. Monthly differences from average sea surface temperatures (degrees Centigrade) at (1) 30°-35° N, 115°-120° W, (2) Scripps Pier, and
(3) 25°-30° N, 110°-115° W; and (4) monthly differences from average northerly wind component (in meters per second) at 30° N, 110°-130° W.

plotted in June of a given year represents the amount
by which the average temperature in June of that
vear was higher or lower than the average of all the
Junes from 1920 to the present. (Some of the data are
from the Japanese sources and are available only
through 1938.)

The principal cold periods were from 1920 to 1924,
m 1932 and 1933, and from 1948 through 1956. The
warmest groups of vears were from 1926 through
1931, and from 1934 through 1944, The variation in
the strength of the north wind from its monthly mean
over the same period is also shown (Iig. 18, part 4)
and a certain similarity in long-term variation is seen
between wind and temperature anomalies,

The last few wvears stand out from the long-term
mean both in temperature and salinity (Ifigs. 19 and
20). The winter and spring temperatures are low and
the summer values more normal or high. The salinity
values are high in winter and spring and more nearly
normal the rest of the vear. Although there is some
variation from vear to vear since 1949, the deviations
have not been extreme (Fig. 18) except possibly south
of Punta Eugenia. From 1949 through 1956 there
were no vears as extreme as 1926, 1931, 1933, or 1941.

A cause for this behavior has been sought in the
variations of the strength of the wind. The northerly
component of wind (computed from atmospheric
pressure difference at 30° N latitude between 110° W
and 130° W longitude) was generally stronger in the
last decade (Fig. 20). A significant correlation has
been found between the wind anomalies and the tem-
perature and salinity anomalies in the spring and
carly summer months where as many as 18 vears of
data are available (Roden and Reid, Ms. in prepara-
tion). It is in these months that the greatest variations
from the mean are found in the wind data. In August,
although the winds are strong, the variation of
monthly averages about the long-term mean is much
smaller., The mechanism of this relation may be an
increased amount of upwelling, and possibly an in-
creased amount of Subarctic water being brought
south by the northerly winds. The correlation holds
in all the data from Blunt’s Reef to Magdalena Bay
during these months. In the latter part of the year
the winds have varied less, and no significant correla-
tion has been found.

The fact that temperature has been lowered and
salinity raised during this period implies that at least
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salinity (parts per mille) at Pacific Grove and Scripps Pier for the
periods 1949-56 and 1920-48.

part of this process is upwelling, since the evaporation
minus precipitation values here (Jacobs, 1951) are
quite small. There are no earlier phosphate data with
which the CCOFT data can be compared.

It may then be concluded that the period from 1949
to 1956 is distinguished from the previous 15 or 20
vears by substantially colder waters in the first few
months of the vear. There are differences in the vears
from 1949 to the present (which will be taken up
later), but they have nearly all exhibited this colder
feature in the early months.

The sea surface temperature in the period from
1945 to 1956 showed no values extreme enough to
compare with those of the intensity and endurance of
1926, 1931, 1933, 1940, or 1941 (Fig. 18). A certain
coherence of the system is at once obvious from the
data from 1949 to the present (Fig. 21). These data
allow one to generalize somewhat about the difference
in the various years. South of Punta Eugenia the
data in the 5-degree square show some greater irregu-
larities and indicate some difference in behavior from
those to the mnorth. They generally show the same
phenomenon of cold springs which have a significant
correlation with the northerly winds. The most re-
markable variations in this period have been south of
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FIGURE 20. Average northerly wind component and temperature in
recent period compared to averages for 1920-38. (a) Northerly wind
component in meters per second at 30° N in years 1949-56. (b) Tem-
perature in degrees Centigrade at 30°-35° N, 115°-120° W, 1949-56.
(c) Temperature in degrees Centigrade at 25°-30° N, 110°-115° W,
1950-56. No data 1939-48.
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Punta Eugenia where the late fall of 1951 was unusu-
ally warm and the summer of 1955 was unusually
cold. It is unfortunate that in 1940 and 1941, when
the temperatures over all the west coast north of San
Diego are known to have been at their highest in the
last 25 vears, no data are available from the vicinity
of Punta Eugenia. A comparison of 1951 with 1940
and 1941 might be of interest.

Over most of the area, 1954 was the warmest vear,
though there was at least one cold month toward the
end of the vear. The year 1949 began well below
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normal in winter and spring and was somewhat above
normal in the early fall. Likewise, 1950 was below
normal in winter and spring but did not show the
sanme summer and fall warming as had 1949, The
vear 1951 was more normal during the first few
months but at different places showed both warming
and cooling toward the end of the vear. In most
places, 1952 began somewhat above normal but
dropped below mnormal in the fall. The year 1953
began slightly above normal and in the north was
above normal again in the fall but in the south was
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FIGURE 21.

cooler in the fall. The year 1954, in most of the data,
was well above normal most of the year dropping be-
low only in November and December in most places.
The year 1955, in much of the data, was well below
the normal and 1956 was likewise generally cool. In
1957, the southern California waters seem to be at or
above normal through June (Fig. 22). North Farallon
Island shows temperatures slightly below normal av-
eraged through June, and data from Blunt’s Reef
through April show values generally below normal.

POSSIBLE EFFECTS OF VARIATION IN THE
CURRENT SYSTEM UPON THE ORGANISMS

3efore 1949 only a few measurements of the plant
and animal populations of the California Current
system had been made., Since 1949 the volume of
zooplankton has been measured over a great part of
the current nearly every month, and much has been
learned about the distribution in space and time. Be-
cause different methods of measuring zooplankton

0 re '/\'r\/\ \Tr\,\'/\‘ \4\‘ | \/\'/\/ |

Temperature anomalies, 1949 to 1957, at four locations as referred to 1949-56 mean. Temperature in degrees Centigrade.

were used before 1940, it is not easy to compare
present populations with those in the past, vet some
significant indications have been obtained. The nature
of the -waters of the California Current has been
discussed, and the distribution of the properties, espe-
cially phosphate as an index to the nutrients, has
been described. A simple relation between zooplank-
ton and phosphate has been shown (Figs. 14-16).
Phosphate has not been measured regularly, and very
few measurements in this region were made before
1949; therefore in using the available data any sig-
nificant relation of zooplankton to the environment
which ean account for changes in time of- the popula-
tion must involve some other parameter than phos-
phate or nutrients—sonie parameter for which data
exist over a longer period.

In previous discussion of the current system and
1ts variation it was mentioned that the only property
for which any long series of data exist is temperature.
The general relation of temperature to phosphate has
not vet been mentioned, but an examination of the
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charts of temperature and phosphate shows that over
a vast area, including the nearshore waters of Baja
California and the west coast of the United States,
high phosphate values are generally acecompanied by
low temperatures. This holds not only vertically,
where the deeper waters contain the products of de-
cayed organic matter, but horizontally as well. The
Subarctic waters of the north, which form a great
part of the surface waters of the California Current
system, are both cool and high in phosphate. There-
fore, in the regions of the California Current one may
with some confidence use the low temperature in the
mixed layer as an indieator of higher nutrient prop-
erties.

The succession of relatively cool years from 1946
has been mentioned. Where data have been available
salinities have been found to be higher near the coast
in the same period. If one assumes that the cooling
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of the surface waters of the California Current and
the increase in their inshore salinities are due to an
internal redistribution of the heat and salt, as would
result from upwelling, rather than a loss of heat and
water to the atmosphere, then the accompanying re-
distribution of phosphate and other nutrients would
have considerably enriched the surface waters.
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FIGURE 23. Temperature at 10 meters (in degrees Centigrade) and
zooplankton volumes (in cubic centimeters per 1000 cubic meters)
averaged from February through August for each year from 1949
through 1956.

The dependence of zooplankton upon the nutrients
is, of course, an indirect one via the phytoplankton.
If it had been consistently measured, the phytoplank-
ton might be expected to yield a better correlation
than zooplankton with the nutrients. In the region
between Point Coneception and Punta Eugenia, how-
ever, a satisfactory relation has been found during
the seven years for which data are available (Fig.
23). (Zooplankton data were prepared for figure 23
by Mr. James Thrailkill of the U. S. Fish and Wild-
life Service.) Indeed, if there is no direct relation
between zooplankton growth and temperature, the
relation shown between the temperature as an in-
direct measure of nutrients and zooplankton as an
indirect measure of phytoplankton is better than
would be expected, and greater irregularities will
almost certainly be found in subsequent data.

Within certain limits of temperature, the zooplank-
ton volumes were lowest when the temperatures were
high and highest when the temperatures were low
(Fig. 23). Data from 1940 and 1941 cannot be plotted
on this chart, sinece the cruises made in those years
covered only a small part of the area. However, there
is qualitative agreement in that the plankton voluines
measured in the region of southern California in
1941 (E. II. Ahlstrom, personal communication)
averaged only 103 cubic centimeters per 1000 cubic
meters, and 1941, as has been shown (Fig. 21), had
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also the highest temperatures observed in any year
from 1931 to the present.

South of Punta Kugenia, where the zooplankton
volumes have generally been smaller and the tempera-
tures higher, a similar plot of zooplankton volumes
against temperature is not nearly so regular. Al-
though a similar trend can be seen, these data are
hardly convincing.

Correlations of this type are difficult to make not
only because the temperatures and zooplankton are
not sampled as completely as we should desire, but
because the zooplankton varies from year to year in a
fashion more complex than gross amount. There are
data to suggest, at least, that the response of the
zooplankton to changing hydrographic conditions is
not only in mass but in change of species as well.
Salps, for example, may predominate one year and
other groups in other years, with the volumes not
changing significantly. All of the area is inhabited
(Figs. 17a-e), and it can well be imagined that a
change in eonditions could cause the boundaries to
move so that the species would inhabit slightly dif-
ferent regions, without a great change occurring in
gross amount.

CONCLUSION

The waters of the California Current and their
manner of flow in the fishery region of California,
both horizontal and vertical, have been briefly de-
scribed. The seasonal variations and long-term varia-
tions have been mentioned, and some attempt at
relating the environment to the organisms has been
made. The bearing of these matters upon the central
problem of the CCOFI program, that is, the fluctua-
tions in the catch of the sardine and other oceanic
fishes, has not vet been mentioned. One difference
between the last decade and the previous period when
the sardine fishery was at its height has been pointed
out. The temperatures during the early months of
the year—the sardine spawning months—have been
consistently lower in the last ten years and with
certain assumptions inferences bearing upon the
sardine problem can be drawn. These cooler months
seem to be cooler because the winds were stronger and
caused more upwelling. Assuming this relation to
hold, and that the low temperatures are indicative
of high nutrients, then the result of the enrichment
has been higher zooplankton volumes. If this relation
between temperature and zooplankton is a real one
and has held over the last 20 years, as it did in 1941
and from 1949 through 1956, then we must assume
that plankton volumes were smaller in the great
period of the sardine fishery than they are now when
the sardine catch is much reduced. How the zooplank-
ton and sardines could be so inversely related is
beyond the purpose of this report to speculate. It is

unfortunate that we do not have a coverage -of the
area in years when the catch was high or when at
least there was a high survival rate. Until such a
year occurs any correlations of this sort will be
severely limited.
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