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ABSTRACT

A study has been made to identify the existence of different decadal climatic regimes before and after
the anomalous environmental changes that occurred in 1938. Atmospheric and aceanographic data in the
California Current System near San Diego were processed and used for the computation of all oceanic mass
transport components. Evidence shows that distinguishable climatic regimes did exist and that in the period
of 1957-58 abrupt anomalous variations marked the break between two successive quasi-stable decadal
regimes. As the result of overall differences in atmospheric circulation between these two regimes, it is
found that there was stronger eastward flow and weaker southward flow in the California Current System
near the San Diego area during the present decade than in the previous decade. The direct result of differ-
ences in mass transports was to bring more warm and high salinity subtropic water and less cold and low
salinity subarctic water into the area of study. These consequences were evidenced by oceanographic and
atmospheric field observations. Differences in temperature and salinity and differences in current flow account
for the significant difference in San Diego sea level variations between the periods 1948-57 and 1958-69.

1. Introduction
Between the fall of 1957 and the spring of 1958 a

surprising environmental change occurred in the Pacific
Ocean. During this period the sea surface temperatures
over most of the eastern North Pacific and off the South
American coast were found to be as much as 3C higher
than long-term normal values. A detailed account of
many anomalous phenomena of this period appears in
the proceedings of an interdisciplinary conference at
Rancho Santa Fe (Marine Research Committee, 1960),
Perhaps most significant is that the abrupt change of
1957-58 ushered the environment into a new climatic
regime (Namias, 1971) which has lasted at least for a
decade.

Recently some attention has been focused on the
modifying effect on the atmospheric circulation caused
by sea surface temperature (SST) variations. Bjerknes
(1966, 1969) has studied large-scale air-sea interactions
in the tropical region and their atmospheric teleconnet-
tions with other parts of the world. He has used the
concepts of the variable “Hadley” cell and “Walker”
circulation to correlate anomalous weather patterns in
the temperate latitudes with the equatorial sea-surface
temperature anomalies. Namias (1959, 1969) has studied
the macroscale air-sea interactions in the mid-latitude
region and the oceanic feedback effects as they modify
the overlying weather patterns. He correlates the
anomalous SST variations in the North Pacific Ocean
with abnormal atmospheric circulation patterns and

1 Presented at the Conference on the Interaction of the Sea and
the Atmosphere, 1-3 December 1971, Ft. Lauderdale, Fla.

climatic changes in North America, Europe, and
throughout the Northern Hemisphere. According to
Namias (1959) anomalous atmospheric circulations are
mainly responsible for an anomalous advective com-
ponent in the ocean. These advections, together with
associated heat exchanges, result in an anomalous
warming or cooling in the upper layer of the ocean. In
a recent presentation, Namias (1971) showed that the
abrupt anomalous variation in the North Pacific Ocean
during the period of 1957-58 marked a break between
two roughly decadal climatic regimes.

At this point a brief review of the 1957-58 climate
evolution may be helpful. In the spring of 1957, an
upper-level, atmospheric long-wave trough appeared in
the Japan and Korea region, migrated slowly eastward,
and arrived at the west coast of the United States in the
spring of 1958 (Namias, 1959). This long-wave trough
reached its greatest amplitude, and its greatest negative
anomaly, in the fall of 1957 as shown in Fig. 1. In this
figure the mean 700-mb contours have been super-
imposed on the SST departure from a 20-year mean
(1947-66), and numbers give the intensities of the
700-mb anomaly centers. The estimated resultant
anomalous flow in the ocean is indicated by open arrows.
As a result of the anomalous pressure pattern produced
by such a migrating long-wave trough, anomalously
cold water is found in the rear and warm water in
advance of the trough. After the arrival of this anoma-
lous trough, the SST pattern in the eastern North
Pacific reversed from the winter of 1957 to the spring
of 1958, anomalously cold water replacing the original
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F16. 1. 700-mb contour and sea surface temperature anomalies in the fall of 1957. Stippled areas are more than 1F above 20-year
mean and hatched area more than 1F below. Numbers (in tens of feet) are placed at centers of 700-mb anomalies. Arrows fly in the
direction of principal anomalous geostropic flow (from Namias, 1959).

warm water and vice versa. This environmental evolu-
tion ushered the climate into a new regime. Fig. 2 shows
the mean decadal patterns of pressure and temperature
anomalies over the eastern North Pacific Ocean for
January, February and March of 1948-57 and 195869,
The different characteristics of the two climatic regimes
can be obviously identified. Since then, the new quasi-
stable regime has not changed appreciably, i.e., the two
decadal regimes exhibit similar variability about
different means.

The present paper studies oceanographic changes in
the California Current System in an attempt to identify
the existence of these two decadal climatic regimes and
to account for them quantitatively. Special emphasis is
given to the analysis of sea-level variation along the
California coast.

2. Long period sea-level variations

For the study of anomalous variations of oceano-
graphic phenomena between two periods of time at the
same location, parameters which do not change much
or quantities that are small can be ignored because of
their negligible variation with time. In this study of a
decadal fluctuation of oceanographic parameters we
will emphasize the study of sea-level variations. The
prior study of the sea-level variations was initiated not
only because the sea level at San Diego recorded a
distinctive decadal difference as dramatically illustrated
by Namias (1971) and shown in Fig. 3, but also because
other physical oceanographic parameters are involved
in the sea-level calculation.

In the study of long-term variations of sea level the

following causes have to be considered (Montgomery,
1937):

Changes in atmospheric pressure

Dynamic effects of ocean currents

Local wind effects

. Thermohaline effects

. Widespread effects due to any or all of the above
. Long-period astronomical tides

. Local additions to the water mass

. Changes in bathymetric configuration

. Glacial melt and land subsidence.
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In a global study of sea level, Pattullo e al. (1955)
concluded that the long-period astronomic tides account
for but a small part of sea-level fluctuations. However,
since the range of long-period astronomic tides within a
year is rather significant, its contribution to a long-term
monthly mean of sea level is not small. But this effect is
almost invariant from year to year. Therefore, the
decadal differences in mean sea levels due to astronomic
tides is really negligibly small. The local additions of
water masses, such as river runoff, evaporation and
precipitation, are important in some regions such as the
west coast of the Atlantic Ocean (Meade and Emery,
1971), but along the California coast their cumulative
change over a decade is probably very small (Reid,
1958). The local change in configuration of the ocean
floor at the San Diego station is considered small. These
effects are all neglected in this study. The secular rise
of sea level caused by glacier melt and land subsidence
was calculated by fitting a trend to all the available
records at San Diego and at Los Angeles. This rise was
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F16. 2. Average January, February and March sea surface
temperature anomalies for the periods 1948-57 and 1958-69.
Stippled areas are 0.5F above normal; hatched areas, same amount
below normal. Corresponding isopleths of average sea level pres-
sure anomalies, at 1 mb intervals, carry arrows showing the anom-
alous component of geostrophic flow (from Namias, 1971).

found to be 0.09-0.12 cm year—!. Therefore, for the
decadal difference of sea-level height about 1 cm can be
attributed to the rising trend in secular sea level.

For the atmospheric pressure effect, we have com-
puted mean pressures using data obtained from the
National Weather Service. The overall monthly mean
(1948-69) sea level pressure is 1014.38 mb and the
decadal difference is only 0.25 mb. As Montgomery
(1937) and others (e.g., Pattullo ez al., 1955) have con-
cluded, the atmospheric pressure effect on the sea-level
variation is rather small, except in high-latitude regions.

cm 2|01

2054

MEAN

200 1958-'69 %\/

MEAN
1904 1948-'57

185

180
‘48 '49'50 '51 '52 '53 '54 '55 '56 '57 '58 '59 60 61 ‘62 '63 ‘64 '65 66 '67 '68 69
YEAR

F1c. 3. Winter mean height (cm) of sea level at San Diego above
an arbitrary reference level (from Namias, 1971).
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However, this effect is taken into account by applying
a hydrostatic correction (inverse barometer effect).

The local wind effects, the thermohaline effects, and
the widespread effects all contribute to the dynamic
effects, We will lump them together as the overall
dynamic effects. The thermohaline effects are also
treated separately employing the steric sea-level
consideration. In the following we will compute the
thermohaline effects and the overall dynamic effects
in detail.

a. Thermohaline effects

The thermohaline effects, caused by advection, up-
welling, local heating and evaporation, influence the
steric variations in sea level. The steric sea-level
variation, which is generally considered in balance with
the baroclinic flow in the ocean under equilibrium condi-
tions, can be approximated by the difference in anoma-
lies of geopotential of sea surfaces relative to a reference
isobaric surface. The anomaly of geopotential or
dynamic height, AD, is defined as (Sverdrup ef al., 1942)

AD= / sdp, 1)
0

where § is the difference between the specific volume
in situ and that of a standard ocean at 35% salinity S,
0C temperature T, and at pressure p. Notice that the
steric sea level, according to Pattullo e al. (1955), is
generally referred to as

1 4
Z=—/ Aadp,
gJ0

(1a)

where Aq is the difference in specific volume of sea water
between the observed state and the mean state of the
ocean. However, if the hydrostatic approximation of a
sea water depth in meters being equivalent to pressure
in decibars is adopted, the magnitude of AD in dynamic
meters obtained from (1) is practically the same as the
geometric depth (in meters) obtained from (1a). There-
fore, the calculated decadal differences in dynamic
height can be used as a measure of the decadal differ-
ences in steric sea level. The result shows that the major
contribution to the decadal difference in mean sea-level
heights comes from the thermohaline effects which
account for the annual mean difference of 2.2 cm and
the seasonal (winter) mean difference of 3.7 cm near
San Diego.

b. Overall dynamic effects

In studying the long-term mean state in the ocean,
equations governing steady-state incompressible fluids
in a rotating field can be used. With the Boussinesq
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approximation, they are

du 1 J%u
u-Vatw—=+20kXu= —Vp+»,Vatr—, (2)
0z P 02*
op
—=—pg, (3)
0z
ow
V-ut+—=0, 4)
0z

where u=wui-+1j is the horizontal velocity, 1,3,k are
unit vectors in a right-handed Cartesian coordinate
system with x pointing positive to the east, V is the
horizontal gradient operator, V? the horizontal Laplace
operator, v1 the horizontal eddy viscosity, and v, the
vertical eddy wviscosity. Other notations are used
conventionally.

In our study of tke decadal variations it is reasonable
to assume that the nonlinear terms, the horizontal
viscous terms, and the bottom friction term are re-
spectively of the same order of magnitude for the two
decades; hence, anomalies caused by these terms can
be neglected. Furthermore, under equilibrium condi-
tions, the vertical velocities at the free surface and at
the ocean bottom are considered negligibly small. Thus,
the vertically integrated transport equations for the
anomalous motion can be written as

vap* ;
ﬂ”“/'~%ﬂ%ﬁv=m 5)
b ox
nap*
fU | ——dz—(r%)*=0, (6)
» Oy
au* av*
+—=0, (7
dx dy

where the asterisk indicates the anomaly between the
two decadal states, i.e., V*=V;—V,, where the sub-
script denotes the decadal state: subscript 1 the 1948-57
state, subscript 2 the 1958-69 state; 5(x,y) is the eleva-
tion of the free surface; b(x,y) is the depth of bottom
topography; 7 is the surface wind stress; and U, V are
vertically integrated mass transports.

Following Fofonoff (1962), the potential energy E, is
defined as

n 1 pr®
E,= / pdz =X~ / paedp,
b gJ0o

where p(b) is the bottom pressure, a the specific volume
of seawater at the reference temperature and salinity
at pressure p, and

1 p2@®)
X=—/ pédp
gJ¢

®)

9)
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is the anomaly of potential energy, wherein § is the
anomaly of specific volume as before. Then the inte-
grated pressure gradients can be expressed in terms of
potential energy as

[ 2428 HO0 920
b

(10)
dx dx g dx

z=b

where the horizontal pressure gradient is along a level
geopotential surface near the bottom. Similar results can
be obtained for the y component. Therefore, the
approximate solutions for (5) and (6) can be calculated
from the summation of three components as

Ur=U*g+U*p+ U, V¥=V*+V*3V*g;

where the Ekman transport components are

(11)

TY T

Ur=—,
I

the barotropic transport components are

P 3p()

Tk e
pBa®) 3p(®)

p=———

fe ax

and the baroclinic transport components are

(12)

VE=-—-;

z=b

(13)

z=b

10x

¢G= T

f oy

The Ekman transport is obtained from surface wind
stresses. The baroclinic transport is calculated from the
oceanographic data. In the barotropic calculation, a
difficulty arises from the uncertainty of pressure
variations due to surface fluctuations. However, if the
flow along the bottom is nearly normal to the slope of
the bottom (as is generally the case in the study area),
the total meridional transport V can be calculated from
the Sverdrup relation (1947)

1/9+v 9r*
)
B\dx dy
where 8 is the meridional rate of change of the Coriolis
parameter. Then the barotropic meridional transport
can be obtained from (11) and (15).

The total zonal transport can be estimated from the
continuity equation by integrations from the eastern
boundary oceanward (Sverdrup, 1947). The zonal
barotropic transport can be obtained in the same
manner.

Note that the steric sea-level variations due to the
thermohaline effects are considered in balance with the

18x
Vg=~—. (14)
fox

(15)






