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I. GENERAL DESCRIPTION OF THE CALIFORNIA CURRENT

Various investigators have described the California Current system,
the most recent extensive study being that of Reid, Roden, and Wyllie (1958).
Since then various small-scale studies with drogues and with close spacing
of stations have been made over much of the area but the Pt. Arguello area
had not received particular attention until the work in January 1964,

The Point Arguello area lies in an inshore area of the California
Current system, which is briefly described below.

California Current is the name that has been given to the eastern

limb of the wind-driven subtropical anticyclone of the North Pacific Ocean:
it applies to the southeastward flow carrying water from the West Wind Drift
to the North Equatorial Current. Its eastern boundary is the coast of North
America where it flows past the states of Washington, Oregon, California and
Baja California: it has no well-marked western boundary, but it has been
common to define one arbitrarily at a distance 1000 km from shore.

I,A. Current.

I.A.1. Surface current. The surface currents near the coast vary
with season: those waters within about 150 km of the coast flow northwest-
ward along most of the coast in the period from about October through Feb-
ruary (fig. 1) and southeastward during the rest of the year (fig. 2).
Within the channel islands off southern California, flow is to the northwest
throughout most of the year and a nearly permanent Southern California Eddy
obtains (Schwartzlose, 1963). The inshore countercurrent at the surface
appears in winter all along the coast except off northern Baja California,
Just south of the Southern California Eddy (Reid, Schwartzlose and Brown,
1963).

The speed of surface flow is usually less than 25 cm/sec, though speeds
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as high as 100 cm/sec have been observed occasionally in the shoal water of
the inter-island passages. Drift bottles released near the coast off cen-
tral California in winter (Schwartzlose, 1963) have sometimes been recovered
more than 1000 km northward at time intervals indicating average speeds of
at least 25 cm/sec (fig. 3).

Short-period variations in the strength of flow have been observed of
the same order as the strength of flow (5 to 15 cm/sec). Some of these,
particularly in the offshore region may be inertial rotations of period 1/2
pendulum day (Reid, 1962a and Knauss, 1962a). Others may be related to the
tidal flow (Reid, 1958): in any case a great deal of short-period variation
about the mean flow has been observed.

Likewise vertical oscillations (internal waves) of considerable mag-
nitude have been encountered throughout the area (Reid, 1956 and 1958; Reid
and Schwartzlose, 1962): these appear to have a substantial component with
the lunar semidiurnal period (12.42 hours), especially in the region within
100 miles of the coast.

I.A.2. Subsurface current. Near the coast (within about 100 km)
the waters below about 150 m depth flow northwestward throughout the year
at speeds of 25 cm/sec or less (fig. 4) (Sverdrup and Fleming, 1941). Direct
measurements with drogues have confirmed the existence of the flow (Reid;
1962b and 1963). As a result the inshore deep waters have more of the char-
acteristics of lower-latitude waters than do those offshore.

I.A.3. Flow at great depth. The majJor inferences about deefer
flow are based on the distribution of temperature, salinity, and oxygen as
principal parameters and upon phosphate-phosphorus, carbon-lli and other
parameters when they are available.

The general northward flow of the deep water in the Pacific was first

postulated by Prestwich (1875) on the basis of temperature distribution.
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Wlst (1937) refined this with more temperature data, documenting a northward
increase of bottom temperature. Wooster and Volkmann (1960) further refined
the results and showed that the deep oxygen values decreased from south to
north, consonant with the earlier notions. Bien et al. (1960) for the first
time, using carbon-ll data, estimated the rate of flow at 3500 m between
40°s and 15°N to be about 0.06 +0.02 cm/sec. Knauss (1962b) used the more
accurate salinity measurements to show that the salinity decreases from
south to north as a consequence of mixing with the less saline overlying
water.

Recently the temperature, salinity, and oxygen content of the deeper
wvaters of the California Current have been measured in greater detail, and
the resulting distributions of these properties have been compared (Reid
and Lynn, 1964) with the general central Pacific patterns.

These distributions suggest that in the California Current the circu-
lation between 2 and 3 km below the surface is like the shallower, wind-
driven circulation above, with the principal flow from north to south and
some evidence of a narrow northward flow along the coast. This northward
flow, or countercurrent, appears to extend from about 150 or 200 m beneath
the surface to at least 2000 m and to extend at least 150 km from the coast
near Point Arguello.

There is no obvious indication at 4 km of a circulation like that of
the wind-driven surface waters. Offshore in the central ocean the L-km
temperature increases to the north and the UY-km salinity decreases., Knauss
(1962) has shown this for the 5-km and 4.5-km levels also. At 3.5 km a more
complex situation exists, with some geostrophic effect in the central South
Pacific indicated by various high temperatures in Kn;gss' 3.5-km map (Knauss,

1962: fig. 4). In the North Pacific, and particularly in the California
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Current, there is some evidence (Reid and Lynn, 196L4) of higher temperatures
at 3 and 4 km depth where the bottom begins to rise toward the coasts. The
temperature minimum, which is at about 3.8 km in the central North Pacific,
is found at successively shallower levels approaching the coast of the
Californias, reaching about 3.1-3.5 km off Baja California. This tempera-
ture increase may be a result of the coastward shoaling of the bottom, so
that heat from the earth's interior enters the water at shallower levels
than it does offshore. At any rate, it makes temperature-based inferences
about flow at 4 km very doubtful in the California Current.

That the deep transport is slow seems fairly certain. That the
abyssal flow under the California Current is in the same direction as the
(northward) flow of the central ocean seems likely, but is far from certain.
The geopotential anomaly of the 1000~ and 2000-decibar surfaces with respect
to the 3000-decibar surface varies. by less than 2 dynamic centimeters over
the ares of the California Current and this variation is erratic, not sys-
tematic. The observed variation undoubtedly reflects the general margin of
accuracy of the salinity and temperature measurements more than any system-
atic variation from which a geostrophic flow could be inferred.

I.B. Upwelling.

The prevailing winds are from the northwest throughout the year except
in the northern area (north of about 40°N). The longshore component of the
wind-stress combined with the effect of the earth's rotation drives some of
the surface waters offshore: they are replaced by deeper waters rising near
the coast. This process is known as upwelling and it is extremely important
to the heat, salt and nutrient distributions in the California Current. It
varies seasonally with the winds: these vary in such a way that it is most
marked north of 35°N in mid-summer but occurs earlier (March-May) off Baja

California, FEstimates of the offshore transport indicate extreme values as
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high as 10 kg/cm/sec. This may correspond to an upward speed of a few
meters per month in the inshore areas. In the northern ares downwelling is
indicated in winter when the winds are from the southwest.

I.C. Temperature and salinity.

I.C.1. At the surface. Since the southward-flowing waters come
from the higher-latitude West Wind Drift, they are relatively low in temper-
ature and salinity compared to the water of the central North Pacific Ocean
and the California Current is known as a cool current. Surface temperatures
vary from less than 9°C in the north in the colder months to more than 26°C
in the south in the warmer months (fig. 5). Salinity in the open ocean
varies from about 32,5 parts per mille in the north to more than 34.5 % in
the south (fig. 6). Near the mouth of the Columbia River the surface salin-
ity may be less than 30 %, but these low values are confined within the
upper 10 meters and do not extend far offshore.

The seasonal variation of temperature and salinity has been discussed
by Reid.et al. (1958) and figure T is reproduced from that source. Since
then more detailed mapping has been carried out (C.C.0.F.I., 1963) and a
major study of the magnitude and phase of seasonal variations is underway.

Temperature and salinity vary as a result of seasonal differences in
insolation, upwelling, and flow (fig. 7a). The normal period of minimum
ocean temperature in the northern ocean is February-May and this overlaps
the period of upwelling of colder water off southern Baja California. There-
fore the range of variation there is about 6°, more than twice that of the
central Pacific at that latitude. North of 35°N the period of maximum of
upwelling occurs in midsummer and the range is: correspondingly reduced (to
about 3°C, while the central ocean values at that latitude may reach 8 or
10°c,

Since salinity increases with depth near the coast (especially in the

north) upwelling brings up more saline water and a marked seasonal variation
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occurs, with the highest values found in July=-September. In the south the
seasonal variation of salinity is dominated by the winter countercurrent
that brings high salinity water northward so that the maximum value occurs
in December-January. In the central area of the current these two effects
nearly cancel each other and the range is small (fig. 7b). This is not to
say that because the seasonal range is low, there is little seasonal differ-
ence in the region: on the contrary we have already noted the reversal of
surface flow and it is clear that the two strong effects make large differ-
ences in other aspects of the system.

I.C.2. At depth, Temperature decreases monotonically with depth
with a few minor exceptions. Beneath the thermocline and offshore there is
a well-marked salinity minimum that is probably a consequence of the surface
wvaters having mixed laterally with the higher-salinity waters to the west.
There is another salinity minimum at about 350 m depth that indicates the
presence of North Pacific Intermediate Water, whose characteristics are
acquired in the extreme North Pacific and are transmitted southward by mix-

ing and flow (Reid, in press).

II. DESCRIPTION OF THE AREA OFF POINT ARGUELLO

IT.A. Current.

ITI.A.1., Surface current. The Point Arguello area is an especially
interesting part of the California Current because it is characterized by a
remarkable and systematic seasonal reversal in flow.

The surface flow is represented in figs. 8-10 by the topography of the
sea surface relative to the 500-decibar surface: the horizontal gradient of
this quantity is proportional to the speed of the geostrophic flow and the

direction of this flow is given by the arrows,
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The figures represent the averages of data taken in the period from
1?§OAthrough the summer of ;26&. The coverage was not complete in every
month of every year, so that no point represents a full record of 14 or 15
points. In this area coverage was best on the line extending southwestward
from Point Conception. Also, coverage in November, December, and January
is less than in other months. Though complete regularity was not achieved,
the coverage seems adequate in general to describe the average monthly flow
in each month of the year.

It is clear from figure 8 that in January the offshore flow is to the
southeast, but that within 50 miles of Point Arguello there is a coastal
countercurrent carrying water northward past Point Arguello. In the region
of the Channel Islands this countercurrent is about 70 miles wide., Besides
these main features there is some apparent meandering in the northwestern
part of the area. This may be an artifact of the irregularity of coverage
rather than a real feature, but eddies are common in the individual months
and will be discussed later.

In February the coastal countercurrent seems much weaker, and very
little flow northward past Point Arguello is indicated: most of the
northward-flowing water appears to turn southward instead of continuing
past Point Arguello.

In March the only vestige of the Countercurrent is seen inside the
Channel Islands: no northward flow past Point Conception is indicated.

In April the countercurrent has completely disappeared. In this
period, which has been covered particularly well, the isopleths are quite
smooth, indicating that any eddy-like structures that might have appeared
in individuel months have not been regular enough in position to remain

after the data have been averaged.
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In March and April, while the Countercurrent has weakened and dis-
appeared, the California Current has been strengthened, as indicated by the
stronger gradient of geopotential topography. This strengthening continues
through May and June (fig. 9), both of which, however, show some evidence
of a weak eddy inside the Channel Islands.

In July the California Current is at its strongest. At this stage the
eddy inside the Channel Islands has become quite well developed.

August and September (figs. 9 and 10) are much the same as July, but
the California Current is weakening slightly and the eddy is still develop-
ing.,

In October the eddy intensifiés still further and in November and
December the flow extends northward past Point Conception and can properly
be called the Countercurrent again.

The southeastward-flowing California Current obtains throughout the
year, but is most intense in the period from May through October. The
countercurrent at the surface is not continuous. It is best developed in
the period from November through January. It declines in February and
March, does not appear at all in April. In May and June it exists only as
a weak eddy inside the Channel Islands. The eddy becomes quite strong in
July and continues to grow until it finally develops into the countercurrent
in November,

The calculated geostrophic speeds at representative sections are
shown in figure 1l. As the maps indicated, the northward flow past Point
Conception (section A) occurs from October through January, at average
speeds up to 16 cm/sec (higher speeds have been calculated from the drift
bottle results). Through the rest of the year flow near Point Arguello is

to the south. South of Point Arguello and within the Channel Islands
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(section B) the northward-flowing eddy is apparent from July through Jan-
uary, but, as off Point Arguello, some strong flow to the south is seen in
March, April, and May, at speeds up to 10 cm/sec.

Offshore (sections C and D) the flow is nearly always to the south,
but the same sense of seasonal variation is seen: the southward flow is
strongest in June and July, weakest in January and February. The range of
variation, however, is much less.

The results of these calculations of geostrophic flow may be compared
with other estimates of the currents. The various drogue and GEK studies
and most particularly the drift bottle program confirm the validity and the
usefulness of the geostrophic approximation.

A comparison of drogue and GEK measurements with the computed geo-
strophic flow was made in the area Just north of Point Arguello in October
1958 and January 1959 (Reid and Schwartzlose, 1962). The results confirmed
the northward flow and the usefulness of the geostrophic approximation.

Drogue measurements in the area of the Channel Islands in October of
1958 (Brown, 1962) show the presence of the countercurrent.

Larger scale comparisons of drogue measurements with the geostrophic--
current have been made off Baja California (Reid, Schwartzlose and Brown,
1963) and seem to confirm the general usefulness of the geostrophic approx-
imation where the currents are reasonably strong.

The most effective comparison of these average surface current charts
can be made with the results of the drift bottle program. This program has
been carried out since 1954 and some of its results have been discussed by
Schwartzlose (1963). He found (p. 18) from the recovery of drift bottles
that '"the southern California counterclockwise eddy was present most of the

year. The months it commonly was not present were March, April, and May."
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He found that no drift bottles released in April off Southern Californisa
were recovered north of their release position, and that of those released
in March or May many more moved southward than northward. He found that
some bottles released near Point Arguello during the countercurrent season
vere recovered off Washington and Oregon, having moved northward at speeds
greater than 0.3 knots.

II.A.2, Subsurface current., The geostrophic flow at 200 m depth
is represented in figures 13-15 by the topography of the 200-decibar sur-
face relative to the 500«decibar surface. The horizontal gradient of this
quantity is proportional to the speed of the geostrophic flow and the direc-
tion of flow is given by the arrows. The figures represent the average of
measurements made in the period from 1950 through part of 1964: limitations
in data are the same as for figures 8-10,

At 200 m depth there is a Countercurrent carrying water northward past
Point Arguello throughout the year. It is at all times wider than the sur-
face Countercurrent, though its own width as well as its speed, seem to vary
systematically with the season.

In January (fig. 13) the Countercurrent is about 90 miles wide, and
the California Current itself appears only on the outer edge of the figure.

Some weskening and narrowing occur in February and March, and the
Countercurrent appears to be weakest in April and May. In June (fig. 1)
the Countercurrent strengthens, as does the California Current, but the
Countercurrent remains fairly narrow. July, August and September (fig. 15)
are much the same as June, with a strong but narrow Countercurrent and a
gtrong California Current. In Octocber and November the Countercurrent
widens again, and in December and January the Countercurrent is widest.

The flow at 200 m is usually weaker than the surface flow, and its



=]]le

range of seasonal variation is also less. The northward-flowing Counter=-
current at 200 m is weak in April and May, when the surface flow is nearly
everywhere to the southeast, and is fairly strong (figs. 14 and 15) through
the rest of the year, when there is northward flow at the surface either as
an eddy inside the Channel Islands or as a countercurrent carrying water
northward past Point Arguello.

The calculated geostrophic speeds at representative sections are
shown in figure 16, In the inshore sections the northward flow is wesakest
in April and May and fairly strong (though erratic in the northern section)
in the rest of the year. The strength of the northward flow at 200 m is
somewhat less than that of the surface flow, and its seasonal range is much
less.

The offshore sections (C and D) lie at the outer edge of the 200-m
countercurrent, overlapping the southward flow, and the speed is quite weak
throughout the year. The same sense of seasonal variation is seen, with the
strongest southward flow in early summer and the weakest southerly flow (or
slight northerly flow) in late fall and winter.

No direct comparisons of the 200-m geostrophic flow with drogue tra-
Jectories have been made near Point Arguello, but coastal measurements near
36°N with drogues (Reid, 1962b) confirm the northward flow at depth and
coastal measurements with drogues near 30°N (Reid, 1963) not only confirm
the deep northward flow but compare very favorably with ihe geostrophic flow
calculated from concurrent observation of the density structure.

II.A.3. The deeper transport. From Point Arguello the ocean
bottom slopes steeply downward, reaching depths of more than 3.5 km within
100 km of the coast. South of Point Arguello the bottom topography is quite

complex, with many islands, basins, ridges, and banks: to the northward the

~’



slope is much more regular.

The shallower flow can be measured and described by calculations
based upon the water density and observations with drogues and drift bot-
tles. At successively greater depths the flow indicated by these methods
is much weaker and, correspondingly, much harder to measure.

Density measurements will reflect the flow in the upper 1000 m quite
well (Reid, 1961 and 1963) in water as deep as 1000 m, but must be augmented
with drogues in shallower water {(i.e., 200 m, etc.). But below 1000 m
depth the transport is so slow that the density gradients are within the
margin of error of our measurement techniques. Transport at great depth
appears to be so slow that drogues are apparently too much affected by the
drag of the upper waters on the float and wire (Brown, 1962). Oscillatory
flow also confuses the interpretation of movements over short periods
(Knauss, 1962a).

Other information on the quite local flow has been given by Emery
(1954), who examined the water properties in 1li basins off Southern Cali-
fornia., He found that the '"temperatures indicate that the bottom water of
most basins must have travelled from basin to basin in a general north-
westerly direction while that of the outermost basins came directly from
the open sea on the west" (Emery, 1954, p. 1). This direction of flow of
the bottom water is imposed by the bottom topography: the various basins
east of the great submarine ridge extending southeast from Santa Rosa
Island and Santa Cruz Island have deeper connections to the south than

across the ridge. The Santa Barbara basin has a deeper connection to the

wvest, and its deeper waters derive from the sea to the west rather than from

the southeast. Deeper water from off Point Arguello could reach the inner

basins only after having passed south of the ridge (at least to 32°N) and
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turning inshore and to the northwest.
The basin water, then, reveals only the consequences of the quite
local bottom topography, not an indication of the general offshore flow.

II.B. Temperature and salinity.

ITI.B.1. Distribution of temperature and salinity at various depths.
The distribution of heat and salt in the California Current has been de-
scribed in general terms by Reid, Roden and Wyllie (1958) and some non-
seasonal variations have been discussed by Reid (1960). A more recent set
of maps at the lO-meter level has been provided in the CalCofi Atlas No. 1
(Calif. Coop. Oceanic Fish. Invest., 1963). Average maps for January and
June at depths from 0 to 150 m are shown in figures 17-24. The averages
have been made from the data collected in the period from 1950 through part
of 196k,

In January the surface and 10 m temperature and salinity (fig. 17) are
high near the coast, decreasing offshore. Temperature decreases for the
first 40 or 50 miles offshore and then increases again, but salinity de-
creases monotonically offshore throughout the area studied. A minimum in
salinity is encountered at about 200 miles offshore (fig. 6), and beyond
this salinity increases toward the west.

The higher values inshore in January are a consequence of the California
Countercurrent, which is strong at the surface in January and carries north-
wvard water which is warmer and more saline than the California Current
water offshore.

This effect is also seen at the greater depths (figs. 18-20) with two
minor differences., The width of the zone of warmer water inshore becomes
somewhat greater at greater depths, .as the width of the northward=-flowing

current increases (figs. 8 and 13). At 100 m, 150 m, and 200 m depth the
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band of cold water is colder in the south, and at 150 m the coldest part is
associated with the most saline water (fig. 20). This is the densest water
seen at that level and its characteristics indicate that it has risen from
somewhat greater depths as a result of the intensified geostrophic circula=-
tion during that month. The cold and saline area of figure 20 is seen to
correspond to the lowest value of geopotential anomaly on the January aver-
age surface current chart (fig. 8).

In June (fig. 21) the surface and 10-m temperatures are only a little
different from those in January, though these months do represent extremes
in other respects. Along the coast just north of Point Arguello they are
lovwer in June than in January. This can occur because January is not the
month of lowest surface temperature nor is June the month of highest temp-
erature: minimum temperatures in this region occur from February through
May and maximum from July through September or October. Also, June is a
period of strong upwelling and the very low temperatures near the coast
north of Point Arguello occur as a result of upward motion of the deeper
colder water,

The cold tongue extending southeastward from Point Arguello thus ob=-
tains in June, even when the Countercurrent is not present gt the surface
and the inshore eddy is very weak or absent.

Salinity at the surface and at 10 m (fig. 21) is markedly higher in
June in the inshore areas, and the distribution clearly indicates its origin
from below, rather than from the south.

At 30 and 50 m depth (fig. 22) the temperature and salinity differences
between January and June are more extreme: June is much colder and more
saline in the inshore areas. Also the cold tongue extending southeastward

from Point Arguello lies closer inshore in June than the cold axis between
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the California Current and Countercurrent does in January. The most marked
difference, however, is in the values themselves: at 50 m the inshore
water is about 3°C colder and 0.3 %, more saline in June because of upwell-
ing and because of the difference in the sense of the inshore flow. Flow
toward the south requires the densest water inshore for geostrophic balance,
and this is achieved by the maintenance of the cold, saline water at higher
levels in those months when the flow is southward.

These same features obtain also at 75 m (fig. 23). At 100 m the con-
trast in temperature values is less, but the difference in position of the
cold tongue is much more extreme. The tongue barely reaches the Channel
Islands in June but in January it is well offshore, with its axis about 60
miles off Point Arguello. Likewise, in June the high salinity water at 100 m
clearly originates at or north of Point Arguello: in January it appears to
come from the south.

At 150 m (fig. 24) the contrast in temperature values is less marked
still, and the patterns of the isotherms in June and January begin for the
first time to resemble each other. This is the depth of transition to the
Countercurrent that obtains throughout the year. There is still a notable
seasonal variation, however, as can be seen from the salinity at 150 m in
January and June.

At 200 m the ridge of colder water between the Current and Counter-
current dominates the thermal structure, and the salinity decreases monoton-
ically offshore. This is much the same as was seen in the average January
conditions.

IT.B.2. Vertical sections. The systematic seasonal variation in
the geostrophic flow at the surface and at 200 m has been discussed in a

previous section. These seasonal variations of the wind-driven flow require

RE
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some internal redistribution in the density structure if the quasi-geostrophic
balance is to be maintained (as it apparently is: see the section on cur-
rents). The redistribution of the density structure results in changes of
temperature and salinity which are not necessarily related to the local sea-
sonal exchange of heat and water through the sea surface. The changes are
brought about by both horizontal and vertical displacement of the water.

The distribution of temperature and salinity along a line extending
southwestward from Point Arguello is shown in figures 25-29 for January,
April, July and October. 1In all seasons the deeper water is warmer and more
saline at the inshore end: this has been taken to indicate that this water
is coming from lower latitudes, and hence moving northward.

The deeper water is also less dense inshore than in the middle of the
section., Therefore it is the temperature (which increases inshore) that
controls the density structure, and the downward curve of the 6 to 9°C iso-
therms at the inshore end of the section can be taken as a good indicator of
the horizontal density and pressure gradients, and hence the intensity of
the Countercurrent. These isotherms slope downward least intensely in
April (fig. 27), when the Countercurrent at 200 m is weakest and when the
surface northward flow has disappeared. The slope of these isotherms is
much stronger in the other seasons, when the Countercurrent at 200 m is well
developed.

The downward slope of the isotherms is not confined to the deeper
values, but extends all the way to the surface in the inshore area in Jan-
uary (fig. 25), reflecting the northward flow even in the surface waters.
The shape of the isotherms suggests that the Countercurrent is present below
about 100 to 125 m in all seasons, and that its width increases with in-

creasing, depth.



-17=

II.B.3. Seasonal variations at particular positions. In response
to the changing intensity of the flow the deeper isotherms appear to move up
and down at the inshore end of the line: they are shallowest in April and
May (fig. 30). This does not necessarily reflect only an upward movement
of deeper water, however: the colder water could come either from below or
from the offshore, colder water. If it came from below it is likely that it
would be the most saline water also, but it is not: therefore it represents,
at least to a major extent, the presence of offshore cooler water of moder-
ate salinity, replacing the Countercurrent water that ordinarily is found
in the inshore region.

The highest salinity is found in the inshore region in the period May
through August, with its peak in June or July. The temperature at that
time is only moderate, however, indicating, by the reasoning of the above
paragraph, that the water has not merely risen directly from below. Higher -
salinity at moderate temperature is consonant with an upward movement of
wvater from the south, rising toward the surface as it moves northward.

The highest temperature at the surface in the inshore water occurs in
the September-December period. Further offshore the maximum occurs earlier,
but the effect of the June and July upwelling is to retard the warming by
mixing in large quantities of cooler water from below. At greater depths
inshore the seasonal maximum occurs in December and January, as a result of
the stronger countercurrent in that period.

Offshore (fig. 31) the vertical excursions of the isotherms are less

extreme: neither reversal of flow nor upwelling occur at this end of the

RS

section. From data farther offshore than this section it appears that the
California Current is stronger in summer and that some deepening of the

deeper isotherms may result: this is suggested in figure 31 but the data <~
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are not so conclusive as those inshore.

IT.C. Oxygen and nutrient distribution.

II.C.1. Oxygen. The distribution of dissolved oxygen in the area
of the California Current has been discussed by Reid, Roden and Wyllie (1958)
and more recently by Reid (in press) for the entire Pacific Ocean.

Since oxygen from the atmosphere dissolves in greater quantity in
colder less saline water, the surface waters of the California Current are
fairly high in oxygen concentration. Since the mixed layer of the ocean is
in constant contact with the atmosphere the value of oxygen in the surface
waters is nearly always quite near the saturation value for the temperature
and salinity, regardless of consumption or production in the mixed layer
(Reid, 1962c). DBeneath the mixed layer the replenishment by vertical dif-
fusion from the upper layer is limited by the stability of the water column
and processes of lateral replenishment (by water having sunk from the sur-
face in high latitudes) are limited by the distance of the sources and the
consumption that take place in transit: for these reasons the deeper values
of oxygen are generally lower than those at the surface.

The California Current receives oxygen-rich water (4.5 to 7 ml/L) from
the relatively cold West Wind Drift at the surface., At great depth another
supply comes from the northward-flowing bottom water, of about 3.5 ml/L.

The water of the 200-m Countercurrent is relatively low in oxygen (as it is
high in temperature and salinity) since it contains a large mixture of water
from the equatorial region, where subsurface values less than 0.2 ml/L are
found over large areas. As a result the water of the California Current
system beneath the surface layer are generally much lower inshore than off-
shore. This is clearly illustrated in Reid, Roden and Wyllie (1958) in

their figures 5(c) and 13: the very lowest values in the Point Arguello
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region are found in the deep cold tongue (the boundary between the Cali-
fornia Current and the 200-m Countercurrent, where the deeper, denser waters
lie at somewhat shallower depths referred to in section II.B.l.).

The seasonal variation of oxygen in the upper 150 m (above which it
is most marked) is seen in figure 32, which is representative of the area
near Point Arguello. The surface values follow the seasonal variation of
surface temperature, being highest in the cold period (March-May) and lowest
in late fall., A curious feature is that beneath the upper few meters (about
20 meters in this case) the high values attained in March, when the mixed
layer is thickest and coldest, continue throughout October, though the sur-
face values give off oxygen to the atmosphere when they are heated in summer:
beneath the summer thermocline an oxygen maximum is seen. Reid (1962c) has
shown that this situation obtains throughout the California Current system,
and indeed over all of the North Pacific that is subject to substantial
seasonal overturn and temperature variation.

Beneath the mixed layer the oxygen varies, as do the temperature and
salinity, as a consequence of the variations in flow discussed in section
IT.B.3.: The deeper waters rise nearest the surface in April-June as a
result of the upwelling and the change from northward to southward flow
above 150 m., Since the deeper waters are poorer in oxygen the oxygen con~-
centration at 75 to (at least) 150 m is lowest in April to June. It is
emphasized that this change in oxygen concentration appears to be a conse-
quence of a physical readjustment of the water masses, not a direct result
of seasonal changes in the biological processes.

ITI.C.2. Nutrients. The general distribution of inorganic phos-
phate-phosphorus in the California Current has been discussed by Reid,

Roden and Wyllie (1958) and Reid (19624).
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Phosphate, like the other plant nutrients, is consumed in the lighted
zone of the ocean and regenerated at depth by decay. It is generally in
lower concentration in the mixed layer than below it because the upward
diffusion of phosphate, like the downward diffusion of oxygen, is limited
by the stability of the water column. The upward transfer of phosphate,
then, is much enhanced by the upwelling that occurs along the coast of
California as a consequence of the prevailing northwesterly winds. The
California Current is rich in phosphate not only because of the upwelling
but because of the relatively high concentration of the water entering from
the West Wind Drift, which is itself an area of surface divergence and up-
ward transfer of deep water. A third factor in enriching the water immed-
iately beneath the mixed layer is the adjustment of the water masses toward
geostrophic equilibrium: the southward flowing water must have the densest
water, of deepest origin, on its inshore edge, and the northward flowing
water must have the densest water on its offshore side: the "ridge" of
denser water that rises near the surface (figs. 20-23) between these two
currents maintains a relatively high concentration of phosphate. This fea-
ture is clearly illustrated in figure 5d of Reid, Roden and Wyllie (1958)
and discussed further by Reid (1962d) for the entire Pacific Ocean.

At the surface it is the upwelling that most severely affects the var-
iation of phosphate. In figure 33 is seen the average variation near Point
Arguello. It is relatively low (though not in terms of mid-ocean values) in
the Countercurrent period but rises abruptly in April and remains high
throughout the period of intense upwelling off Point Arguello. Although the
data for this graph are rather sparse they indicate a wide range of varia-
tion about this mean, partly as a result of year-to-year variations but pos=-

sibly as a result of very short-period fluctuations in the rate of upwelling
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or of consumption by plants.
Farther offshore the mean values are lower and the range of variation

is much reduced.

III. RESULTS OF THE MORE CLOSKLY SPACED OBSERVATIONG OFF POINT ARGUELLO IN

JANUARY AND JUNE OF 1964.

II1.A. January 1964,

III.A.1. Current.

II1.A.1l.a. urface current. The surface flow of the Cali-
fornia Current in January 1964 is seen in figure 34. The area near Point
Arguello is seen in greater detail in figure 35 (which also shows the tra-
Jectories of the drogues released during the cruise) and the recoveries of
drift bottles are shown in figure 36.

In general the flow was similar to that in most of the Januarys ob-
served since 1949. The Countercurrent is well developed in the northern
part of the area but is hardly apvarent in the area off Baja California,

Com pared with the January flow in 1958 (fig. 1), for example, it is much
reduced.

The closer spacing of the data in the area of Point Arguello (fig. 35)
will show greater detail than that seen in the average flow (fig. 8). Also,
the effect of the non-seasonal variations have been reduced in the averaging
process, so a smoother chart is to be expected. It seems reasonable to
infer, however, that the inshore Countercurrent was stronger in January 196L
(fig. 35) than in the mean January chart (fig. 8) though not necessarily
stronger than the flow in January 1958.

The drogues (fig. 35) were released in the inshore area in order to

get direct current measurements where the water is shallowest and the

ey
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geostrophic approximation likely to be least useful. They show an excellent
agreement with the calculated geostrophic flow at the surface.

Likewise the drift bottles (fig. 36) recovered from the releases in
January 1964 seem to fit the pattern of surface geostrophic flow. Recover=-
ies from those released inshore were nearly always from north of the release
point: recoveries from those farther offshore and south of the Channel
Islands were in general agreement with the surface flow shown on figure 3k.

III.A.l1.b. OSubsurface current. The deeper flow in January
1964 (fig. 35) is much like the surface flow, since this is in the season
of the inshore Countercurrent. At 100 m and below the northward flow is
slower but somewhat wider than at the surface.

IIT.A.2., Temperature and salinity.

III.A.2.a. Horizontal distribution. The distribution of
temperature and salipity at the surface, 50, 100, 150 and 200 m depth is
shown in figures 37-39. Except for the greater detail in January 1964 the
distribution of surface temperature is very much like the mean January tem-
perature (fig. 17): the area may be as much as half a degree warmer in-
shore in January 1964. The surface salinity in January 1964 is definitely
higher than the mean: this is consonant with the slightly higher tempera-
ture and the slightly stronger surface Countercurrent (section III.A.l.).

At 50 m depth the inshore temperatures in January 1964 are higher than
the mean but the cold tongue is somewhat colder: this may indicate an in=-
tensification of the Countercurrent in 1964 or it may reflect only the extra
detail given by the more closely spaced stations. The salinity at 50 m is
much higher in the January 1964 map than in the mean: this seems to indi=-
cate an intensified Countercurrent as well as an increase in amount of

detail,
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At 100 m depth (fig. 38) January 1964 is definitely warmer inshore and
about the same as the average offshore. The 100-m salinity also is higher
inshore than the mean (fig. 19) and about average offshore. At 150 and
200 m depth (figs. 38 and 39) the temperature in January is still above
average (fig. 20) inshore but the salinity is of about average value, though
more detail is shown.

IITI.A.2.b., Vertical sections. A vertical section of temper-
ature and salinity in a line extending southwestward from Point Arguello is
shown in figure 40 (position of the section is shown in figure 26). At the
inshore end of the section the isotherms from 6 to 10°C lay deeper in 1964
than in the January average (fig. 31), in some cases by almost 100 m. Off-
shore they lay at about the average depth. The January 1964 salinity was
more nearly like the average except for the inshore surface layer, which
was about 0.20°% high.

1I11.B. June 1964,

III.B.1. Current.

III.B.l.a. OSurface current. The surface flow of the Cali=-
fornia Current in June 1964 is seen in figure 41. The area near Point
Arguello is seen in greater detail in figure 42 and the recoveries of drift
bottles are shown in figure 43,

In general the flow at the surface in June 1964 (fig. 41) is much like
the flow in most of the other Junes observed since 1949, The most signifi-
cant feature of the June flow is the presence of more meanders and eddies,
particularly near and north of Point Arguello, than are found in January.
The seasons are different not only in the strength of flow and the sense of
the inshore flow, but in that summer is a period of intense upwelling in

the northern area. This upwelling does not occur as a smooth and regular
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feature all along the coast but at least in part as a series of eddies gen=-
erated at the coast and carried offshore, spinning counterclockwise (cyclon-
ically) as theydrift southward with the flow. The more intense the grid of
observations the more of these eddies are observed. The average current
maps for June-August (fig. 9) are not based on very close grids, and the
averaging process smooths out the presence of these eddies, which are of
different sizes and do not always follow exactly the same track. As a re-
sult the June-August maps (fig. 9) are smooth. But in June of 196l the grid
was tight and an eddy was observed in considerable detail in the north-
vestern part of the area,

The eddy inside the Channel Islands is clearly present in June 1964
(fig. b2). It may be more strongly developed than the average (fig. 9) or
it may only appear so as a result of the greater detail displayed by the
closer observations. Likewise, the offshore southward flow is shown. But
the significantly different feature is the cyclonic eddy~like feature,

The recoveries of drift bottles released near Point Arguello are in-
dicated in figure 43. Only one was recovered north of Point Arguello and
this was found six months after release: it may have gone aground in the
south and then been carried northward much later in the year. Most of the
recoveries were made south of the release point, as would be expected from
the calculated geostrophic flow at the surface,

III.B.1.b. Subsurface current. The eddy is still apparent
at 100 m depth (fig. 42): at 150 and 200 m depth the flow is not substan-
tially different from the average June flow (fig. 1k4).

III.B.2., Temperature and‘salinity.
III.B.2.a. Horizontal distribution. The distribution of tem-

perature and salinity at the surface, 50, 100, 150 and 200 m depth in June
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1964 is shown in figures Ll-L6. The June 1964 surface temperature distri-
bution (fig. 4l4) is of course much more complex than the mean (fig. 21).

The surface waters are generally colder than the average, particularly in
the north, in the region of the eddy. Surface salinity is generally higher,
indicating more than the average effect of upwelling, and the northern eddy
shown in the surface current (fig. 42) is clearly seen to be characterized
by a patch of more saline as well as colder water, sure evidence of its sub=~
surface origin.

At 50 m depth the June 1964 temperature (fig. L4) is everywhere lower
and the salinity everywhere higher than the average, but in both properties
the greatest difference from the average is found in the patch of upwelled
water at the center of the northern eddy.

Likewise at 100 m depth (fig. 4S) the June 1964 map shows slightly
colder and more saline water everywhere, but extreme values in the eddy.

At 150 and 200 m depth (fig. 45) the temperature and salinity in June
are much like the average (fig. 24): it is more complex because of the
extra observations but the values are nearly the same. The main strength of
the northern eddy seems to have been confined above 150 m depth.

IIT.B.2.b. Vertical sections. A vertical section of temper-
ature and salinity in June 196k in a line extending southwestward from Point
Arguello is shown in figure 47 (position of the section is shown in figure
26). This can be compared with the July average sections (fig. 28) since
figures 30 and 31 indicate the average June and July values are fairly close.

As in January 1964 there are some differences in absolute values but
the principal difference is in the additional detail, with the effect of the
eddying upwelled water dominant in the upper 200 m. From the salinity

section (fig. 47) in particular it appears that some major deviation from

v
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the seasonal pattern occurred in June 1964 at depths as great as 300 or
LOO m: this may be a part of the effect of the eddy of upwelled water
(which is extreme above 150 m depth) or it may not be related directly to
the overlying water. The speed of the flow is much greater above 100 m
depth than below, so that a vertically continuous feature from the surface
to 300 or 400 m may not remain vertically continuous for more than a very
few days: after the original impetus the upper part may drift southward
leaving the deeper part behind. This deep disturbance, at 300 to 400 m may
be a relic of a previous eddy that has passed by or it may be a feature of
internal readjustment that is not related at all directly to the surface
eddies,

The flow at 200 m (fig. 35) in January of 1964 does not indicate so
severe a difference from the mean as the salinity section (fig. 47) suggests.
The salinity and temperature deviations in the greater depths act in oppo-
site sense (i.e., lower salinity with lower temperature, etc.) upon the
density distribution. This means that the redistribution does not necessar-
ily require a large energy input. The low=-salinity, low-temperature area
at about 200 to 400 m depth on the section (fig. 47) rather suggests an
influx of offshore water from about the same depth (water of about such
values can be seen at the offshore end of the mean July vertical section
(fig. 28). Likewise, the anomalously warm and saline water at about 200 to
LOO m depth in June 1964 has almost the same characteristics as the inshore
wvater on the mean section. An east-west readjustment of water of about the
same density has occurred: the mechanism is obscure.

IIT.C. Oxygen and nutrient distribution in January and June 196k,

Until recently only a few observations of nutrient concentration had

been made in this area: there is not a well-defined average of phosphate
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(and none at all of silicate) against which the observations in January and
June can be examined. The general relation of oxygen and nutrients to the
upper and deeper levels of the ocean has been discussed in section II.C. and
the maps of oxygen, phosphate, and silicate (figs. 48-53) can be seen to fit
into the general description quite well. The distribution of dissolved oxy=~
gen, inorganic phosphate-phosphorus, and silicate at O, 100 and 200 m depth
for January and June 1964 are shown in figures 48-53.

In January 1964 the surface Countercurrent obtains and little upwelling
occurs: the temperatures are highest inshore (fig. 37) and as a result the
oxygen concentration is lowest inshore. Phosphate at the surface appears
to be slightly lower and silicate slightly higher in the countercurrent.

At 100 m depth (fig. 49) the oxygen is seen to be low and both phos-
phate and silicate high in the countercurrent water (fig. 35).

At 200 m depth (fig. 50) the lowest values of oxygen, and the highest
values of phosphate and silicate are found on the ridge of denser water at
the boundary between the Countercurrent and the California Current (see
section II.C.1l.).

In June 1964 when coastal upwelling was occurring and an offshore eddy
of upwelled water was seen, the lowest values of oxygen at the surface (rig.
51) were found in the newly=-upwelled water extending southward from Point
Arguello. This was very cold water, and the low values of oxygen indicate
undersaturation: the water had not yet been in contact with the atmosphere
long enough to come into equilibrium from its previous low subsurface values.
The offshore eddy water had become saturated, however.

The newly-upwelled water at the surface was higher in both phosphate
and silicate (fig. 51): the enrichment was more obvious near the Channel

Islands than in the offshore eddy.
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At 100 m depth (fig. 52) the water both near the Channel Islands and
in the offshore eddy shows its deeper origin by lower values of oxygen and
higher values of both phosphate and silicate.

At 200 m depth (fig. 53) the lowest values of oxygen and the highest
values of phosphate and silicate are found inshore.

Oxygen, phosphate, and silicate all show notable differences between
their January 1964 and June 1964 distributions. Oxygen is lower and phos=-
phate and silicate higher in the upwelled water found in June at both O and
100 m depth. At 200 m depth upwelling is less effective, yet a substantial
change occurs, In January when the deep Countercurrent is well developed
the ridge of deeper water between the Countercurrent and the California
Current is well developed and shows the lowest oxygen and the highest phos=-
phate and silicate at that depth (fig. 50). But in June the Countercurrent
has weakened and the California Current has strengthened: geostrophic
balance requires an upward movement of denser water to the 200 m level, and
it is inshore in the Countercurrent, not in the ridge between the currents,
that the lowest oxygen values and the highest phosphate and silicate values

occur (fig. 53).
1Vv. COMMENT ON THE EDDIES OF UPWELLED WATFR

The eddy observed in June 1964 had some characteristies like those of
the eddy off Baja California in October 1959 described by Reid, Schwartzlose
and Brown (1963). Both were cyclonic, about 40 or 50 miles in diameter, and
confined well above 200 m; the density difference was a result of colder,
more saline water in the eddy. They differ in that the June 1964 eddy was
distinguished from its surroundings by colder, more saline water in the

mixed layer: the eddy off Baja California in October of 1959 was not



-29- ;

distinguished by the properties in the mixed layer or by the depth (40 m)
of the mixed layer: its extreme feature was the steeper vertical gradients
in the pyenocline (50-100 m) that made the water between 50 and 150 m colder
and more saline than the surrounding waters in that depth range.

Perhaps these differences are a result of the different "age" of the
eddies. Presumably that off Point Arguello was newly upwelled water. That
off BajJa California was much farther from shore: if it had originated from
coastal upwelling then it had certainly traveled farther from its point of
origin than had the Point Arguello eddy. Possibly lateral mixing with the
adjacent waters had reduced the extreme values in the mixed layer, with the
geostrophic balance being maintained entirely by the horizontal gradients
at the depth of the pycnocline.

These eddies are of particular interest and significance in terms of
the lateral mixing and turbulent diffusion of properties in the ocean. A
mixing scale of 40 to 50 miles is suggested by each of these: other eddies
have been observed, but with a wider grid the scale cannot be so nicely

Judged, and many may have escaped the network entirely.

V. DISPOSITION OF THE WATERS IN THE POINT ARGUELLO REGION

V.A. Flow and dilution.

The trajectories of the waters departing the Point Arguello region are
indicated by drift bottles, drogues, calculated geostrophic flow, and the
nature of various water masses.

V.A.l. The surface flow., The surface flow is indicated for some
distance along the coast by the recoveries of drift bottles. Schwartzlose
(1963) has shown that a high percentage of those released within 20 miles of

the coast will be found on the beaches, either nearby or at great distances
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to the north or south., Of those released farther offshore only a few are
recovered: the rest drift offshore and presumably sink after some weeks or
months as a result of marine growth upon their surfaces. Therefore the lack
of recoveries from the Hawaiian Islands, etc., does not indicate that water
from the California area does not eventually pass these Islands.

V.A.2. The California Current water. The surface and shallow
waters of the offshore California Current can be traced (Reid, in press) by
ther low salinity through the North Fquatorial Curren£ and the North Equa-
torial Countercurrent (into which they mix laterally: they do not extend
in a recognizable form south of the equator). In the central Pacific be=-
tween the equator and about 20°N a salinity minimum lying at various depths
from T5 to 200 m beneath the surface is clearly water that has come from the
West Wind Drift, passing southward along the coast of Washington, Oregon,
California and Baja California, turning southwestward at about 20°N.‘ During
the flow it mixes with both deeper and overlying less dense waters and the
salinity and temperature have been substantially altered by the time it
reaches the central Pacific: a large amount of dilution has occurred.

V.A.3. The California Countercurrent water. The nearshore sub-
surface waters move northward throughout the year: the relatively saline,
warm, and nutrient-rich waters appearing beneath the surface off Oregon,
Washington, and British Columbia have been transported northward along the
coast of California. They also are subject to substantial dilution (as
their decreasing values of temperature and salinity indicate) by mixing with
the overlying cold low=salinity water.

V.A.l. The basin water. Water within the deep basins off
southern California might be thought to be fairly immobile and free from

exchange with the overlying waters. Emery (1954) however has pointed out
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that the oxygen concentration of most of the water within these basins re-
mains about equal to the concentration at the sill depth of the basin: only
quite near the bottom may the oxygen decrease. Jince oxygen is consumed
within the basins but not regenerated, this may be taken to imply that sub-
stantial exchange with sill-depth water (of the same potential density) does
take place, effectively renewing the oxygen concentration of the water ex-
cept within a few meters of the bottom, where the bottom-dwelling organisms
and the sediment may cause some depletion.

V.B. The effect unon other water masses.

These indications of flow are only the more obvious evidences of the
effect of California Current water. The effect of these waters upon those
which surround them (both laterally and vertically) must be equal to the
effect of the other waters in diluting those of the California Current. The
scale upon which such mixing takes place in the open ocean is not well
understood. Closely-spaced measurements that reveal transient eddies of the
kind discussed above have not been made in the open ocean, but eddies of
this scale (or larger or smaller) may well obtain.

It has been pointed out above that although the California Current
waters have been diluted as they flow, they are recognized over great dis-
tances in some cases, The sudden disappearance of the shallow salinity min-
imum at the equator does not signify that no California Current water moves
across it, but only that at the level of the recognizable California Current
water intense vertical mixing takes place in or below the Equatorial Under-
current. The salinity minimum disappears as a feature in this process but
the waters that emerge to the south are nevertheless lower in salinity be-
cause of an admixture of the California Current water.

Likewise, waters far to the west and to the southeast of the California
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Current contain some mixture of the California Current waters: the propor-
tions are uncertain, since the effects of exchanges through the sea surface
and with the deeper waters must also be considered. Such calculations are
also inhibited by the fact that there is no "pure” California Current water:
it is itself a mixture of the surrounding water masses altered somewhat by

vertical exchange.
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Fig. 5. Temperature (°C) at 10 m depth in August 1955 and March (composite).
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Fig. 6. Salinity ( %) at 10 m depth in August 1955 and March (composite).
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