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VARIATIONS OF SEA LEVEL ON THE PACIFIC COAST 
OF THE UNITED STATES 

BY 

EUGENE C. LAFOND 

Scripps Institution of Oceanography* 
University of California 

La Jolla, California 

Seasonal Sea Level Variations.-The mean sea level during any period can 
be derived from the average of the hourly tide heights. These tide heights 
are obtained from records of the United States Coast and Geodetic Survey 
permanent tide gauges, which are located in the principal harbors along the 
west coast, except the La Jolla gauge which is situated on the open coast. 

1\farmer (1927) has pointed out that the mean monthly values of sea 
level show an annual cycle. At Seattle, low sea level occurs during the spring 
and summer, and high sea level during the winter. At San Francisco the 
sea level shows a semiannual period. At Los Angeles, La Jolla and San 
Diego, monthly means usually follow a single annual period with low values 
from March to May, and high values from July to September. In each case 
the range in monthly sea level during the year is small, seldom exceeding a 
foot, and when averaged for many years is less than half a foot. 

Meteorological Tides.-Tidal experts recognize these seasonal fluctuations 
in sea level and describe them as long period meteorological tides. Harris 
(1907) and Shureman (1924) attribute their existence mainly to periodic 
changes in meteorological conditions, and to a very small extent to astro-
nomical causes. The latter has been disregarded in the following considera-
tion of the sea level fluctuations. 

Meteorological tides formerly were believed to be due primarily to varia-
tions in atmospheric pressure and wind. However, Nomitsu and Okamoto 
(1927) attributed about 75% of the fluctuations in sea level on the Japanese 
coast to variations in the density of the water and 25% to variations of the 
atmospheric pressure. Montgomery (1938) has classified the most probable 
factors influencing sea level, and concluded that those which he terms dy-
namic, wind, thermal and wide-spread effects are the most important on the 
Atlantic coast. As the causes of sea-level fluctuations differ from place to 
place, some of the foregoing factors, particularly the density of the water, 
will be considered in connection with the sea level on the west coast. 

* Contribution from the Scripps Institution of Oceanography. New Series No. 57. 
Acknowledgement is made of assistance by the personnel of ,vorks Progress Admin-
istration, Office Project No. 465-03-3-403. 
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Density.- ln order to show the eff ect of density upon sea level in southern 
California, verti cal seri es of temp ratures and salinities were examined from 
an oceanographic station located only fi ve mi les off La Joll a, which was 
occupied during the summer months of 1924 to 1927. The dynamic height 
diff erences which refl ect the variations in the vertical distri bution of density 
should indicate the flu ctuation · in sea level caused by changes in density.* 
The greatest common depth of repeated observations at this station is but 
75 meters, yet the change in dynamic height in this upper layer accounts 
for a large part of the variation in sea level. This is evident from Figure 1, 
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Figure 1. Relationship between the dynamic height a nomalies (0 over 75 decibars) for an 
oceanographic station fiv e miles west of the La J oll a tide gauge. a nd the mean sea le,el at 
La Joll a for two-week periods. Bot h a re expressed in centimeters. The diagonal line 
represents a t heoreti cal ratio in which the dynamic height a nomalies correspond exactly to 
the sea level. 

in which bi-weekl y averages of the anomaly of the dynamic height aboYe 
the 75-decibar surface are p lotted against the corresponding average ea-
level values according to the registrations at the La Joll a pier. 

Recent unpubli shed data from the " Bluefin" and 'E. Tr. 'cripps' 
furnish oceanographic observations to a greater depth. In 1937 the "Bluc-
fin, " on three different occasions, occupied about 30 oceanographic tation 
off the coast of southern Cali fornia, covering an area of approximate!:· 
35,000 square mil es. In 1938 the "E. TT'. Scripps ' reoccupied the same 
stations at intervals of two months. Charts of the dynamic topography 
(O over 500 decibars) were examined, and the contours of equal dynamic 
height were extrapolated to the location of the La Joll a aauge (Figure ). 

* It should be noted that flu ctuation in dynamic heights d not orrespond 
exactly to a linear diff erence in elevation. T hey hould be divided b g/10, i. e., 
0.98, in order to convert them in to li near unit . How ver, this differenc i "O small 
that for most pw-poses it is unnecessary to apply the orrection. 
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In most instanc_es the contours run nearly parallel to the coast, which make 
sue~ e~t~apolat1on somewhat doubtful. Consequently, instead of selecting 
an md1v1dual value for the dynamic height, a certain range of values was 
chosen. These ranges are shown on Figure 2, together with the weekly sea 
!e~el at La_ Jolla. The agreement is generall y very close, especiall y when 
1t 1s taken mto account that local winds may cause piling up or removal of 
water near the coast. 

The values of dynamic topography are relative to a common isobaric 
surface which is assumed to be level, and to be at a fixed elevation with 
respect to the bottom, or other established reference. From the close agree-
ment of the dynamic heights and the sea level (Figure 2) the 500-decibar 
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Figure 2. Seasonal variations in weekly sea level and dynamic height anomalies at La 
Jolla. The values of the latter were obtained by extrapolating the dynamic topography 
determined by three cruises of the Califo rnia State Fish and Game Commission vessel 
"Bluefi,n" in 1937, and six cruises of the Scripps Institution ves~el "E. W. Scripps" in 1938. 

surface may be considered to be level, and seasonal changes in its elevation 
to be insignificant. Therefore, the relative topography can, in this case, be 
considered as absolute topography. 

Other factors may directly or indirectly influence the sea level. Among 
these are variations in atmospheric pressure, winds, rainfall, and geological 
features. However, the preceding illustrations have shown that, in this 
region, practically all the fluctuations in sea level may be accounted for by 
changes in the density of the water. In special cases these other factors may 
play a leading role in sea level fluctuations and should be considered. 

Atmospheric Pressure.-Some investigators treat the effect of atmos-
pheric pressure upon sea level as a water barometer, lowering the sea level 
13.2 inches for each inch increase in atmospheric pressure. Dietrich (1937) 
concludes from his investigation on the Gulf Coast that this factor is too 
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large. Others consider that regional differences in pressure are necessary in 
order to change the sea level. In other words, the difference in barometic 
pressure between any two stations when mult ipli ed by the pressure factor, 
is equivalent to the difference in sea level, other factors being equal. The 
seasonal differences of average monthly atmospheric pressure at San Diego 
are small, averaging only 0.18 inches. Year-to-year differences of pressure 
are considerably less than this amount (Figure 4). The correction for 
atmospheric pressure upon sea level in this region is, therefore, in all events 
small and has not been applied. Winds associated with pressure gradients 
will generally obscure the direct eff ect of such gradients. 

Winds.-Winds, through their mechanical action upon the water surface, 
may affect its slope. They may also influence sea level by their acceleration 
of or displacement of currents. It was found that winds from the usual 
direction, west and northwest, having a velocity of over ten miles per hour, 
lower the daily sea level. However, it is probable that wind is mainly an 
indirect factor which influences sea level through its widespread effect upon 
currents. Currents will be discussed later. 

Water Volume.-The local removal or addition of water to the sea un-
doubtedly influences its height. Rainfall less than 0.5 inches per week shows 
no correlation with sea level, but a greater rainfall occurring within a week 
usually increases it. Storms which occur simultaneously with rainfall are 
accompanied by winds and changes in barometri c pressure, making it 
diffi cult to evaluate the extent of flu ctuations in sea level for which each of 
these factors is responsible. However, the resultant change occurring with 
rainfall shows a slight positive correlation. 

Geological.-Changes in the form of the shore line, as suggested by John-
son (1929), may have some eff ect upon the sea level where land boundaries 
are changing by the formation or removal of land constri ctions in the 
neighborhood of the tide gauge. These processes are usuall y very low and 
are not significant in this discussion. 

Temperature and Salinity.-Temperature and salinity, the determining 
factors of density, also display an annual variation. The annual range of 
average monthly salinity at La J oll a is from 33.48 to 33.72°/

00 
which at an 

average temperature of 17.36° C., will correspond to range in density from 
cr1 = 24.28 to cr1 = 24.47. The range in average monthly temperature , 
from 13.93° C. to 20.77° C., corresponds at an average alinit y of 33.60°/00 to 
a much greater range in density from, namely, crt = 25.14 to cr, = :.3.51. 
Seasonal temperature variations, then, have the greater effect upon surface 
density variations. These are only sea surface ob erYations ;-.·et they gi,·e 
some indication of conditions in the upper layer in which the maximum 
seasonal variation in density u uall y occur . 

As density is the principal factor in contrnlli ng sea level at La Jolla, 
deviations in t he ~urface temperature of t he water "hould b au indication 
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of deviations in sea level. By correlating the weekly deviations from the 
~verage_of _the weekly surface temperatures for 13 years with the correspond-
mg dev1at1ons from the mean sea level for the same period, we obtain a 
definitely positive correlation. This means that below-normal surface 
temperatures occur simultaneously with below-normal sea levels and vice 
versa, irrespective of astronomical tides, winds, atmospheric pressure, etc. 

~he_coefficient of correlation, r, is a means of expressing the agreement of 
deviation of these two variables, surface temperature and sea level. The 
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Figure 3. The coeffici ent of correlation r between the weekly departures of sea level and 
weekly departures of surface t emperature at La Joll a for 13 years (1925- 1937). 

value of r is shown in Figure 3 for each week throughout the year. In 37 
out of 52 weeks the probable error is less than one-third the coefficient of 
correlation. The best consistent agreement occurs in winter, yet every 
week the correlation of these short periods is positive. This further sub-
stantiates the evidence that density affects the sea level, and that tempera-
ture variations have the greatest effect. 

Year-to-year Variation in Sea Level.-The material presented by Marmer 
(1927) and Shureman (1936) shows that, although there are some exceptions, 
in general the variations of sea level from one year to another at Seattle, 
San Francisco and San Diego are strikingly similar. These annual devia-
tions from mean sea level which apparently affect the whole Pacific coast 
from Seattle to San Diego must be caused by widespread factors. 
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It can be seen from Figure 4 that during the past 17 years at La Jolla, for 
each case in which the average annual surface temperature is greater or less 
than the preceding year there is a corresponding ri se or fall in the average 
annual sea level. The magnitudes of the changes are not always propor-
tional to each other but the directions are the same. The coefficient of 
correlation by years is 0.67. Similar correlations have been made between 
the sea level and surface temperature at San Francisco, Los Angeles, and 
San Diego for an eleven-year period. The value of r for San Francisco is 
0.77, Los Angeles 0.78, and San Di ego 0.74. 
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Figure 4. Relationship between (1), the average annual sea level ( an Diego 1921-1924, 
La Jolla 1925--1937); (2), annual surface t emperature (La Jolla ) ; (3 ) , total annual solar 
radiation (La Jolla); and, (4), the annual deviation from the average annual atmospheric 
pressure (San Diego). The latter was obtained from the Monthly Weather Reviews. 

The total amount of solar radiation (McEwen, 1938) recei,·ed at La Jolla 
during each year is also shown in Figure 4. It is evident that the fluctua-
tions in surface temperatures are not principall y dependent upon Yariations 
in radiation, but must be attributed to the effect of currents. Thi argument 
is further strengthened by considering the difference in temperature and 
salinit y. Variations in temperature and salinity respon ible for the differ-
ences in dynamic height shown in Figure 1 can not be explained alone by 
differences in the solar heating and evaporation. Part of the annual rnria-
tion in salini ty must be due to evaporation during spring and ummer. 
Diff erences in observed salinit y in Augu t might therefor be due to differ-
ences in the amount of heat received during the spring and ummer, but if 
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we calculate the heat necessary to increase, by evaporation, the salinity of 
the stations occupied in August, 1925, to the salinity of the stations occupied 
in August, 1926, it is found that in the latter year 31,000 gram calories per 
square centimeter must have been received above the amount of 1925. As 
the maximum diff erence in solar radiation between any two consecutive 
years is practically always less than this amount, and as all solar radiation 
is not available for heating and evaporation, the water masses must have 
had different histories . 
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Figure 5. R elationship between the total annual rainfall at the Scripps Institution of 
Oceanography in inches and the annual mean sea level for southern California expressed in 
feet. The sea levels refer to the calendar year, the recorded rainfall to a year which begins 
six months later. 

Atmospheric pressures for southern California are fairly constant, not 
only throughout the year, but also from year to year. In Figure 4, the 
deviations of mean annual pressure have also been represented. By multi-
plication with the factor 13.2, the observed values have been converted to 
correspond to sea-level changes. These deviations amount to about 10 per 
cent of the larger original sea level deviations. As previously stated, no 
corrections in sea level have been made for atmospheric pressure. However, 
it should be noted that in most cases the sign of the departure of pressure 
from the mean is opposite in sign to the sea level departure. Short period 
fluctuations in pressure may have greater effect upon sea level than those of 
longer periods, due to the greater ranges of pressure. 

Further indication of widespread factors associated with sea-level changes 
is obtained by plotting the rainfall at the Scripps Institution in the winter 
season against the sea level of the preceding calendar year (Figure 5). The 
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calendar years for which the average sea levels were computed are shown in 
the circle ·. 

The sea level used in the correlation is an average from the three southern 
California permanent t idal stations, Los Angeles, La ,Jolla, and ·~n Diego. 
The period is for each calendar year since 1925, when t he La .Joll a tide gauge 
was install ed. 

The rainfall is also for a year, but corresponds to a period which begins 
six months later t han the sea-level period. The latter is from .January 
through December, while the rainfall peri od begins with .July and extends 
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Figure 6. R elationship between the average monthly sea level at San Francisco. a,erage 
monthly surface temperatures at the Farallon I slands (1925-1936), and currents off i\font-erey, 
according to Skogsberg. 

through June. In southern Cali fornia nearl y all rain fall during the ·winter 
and it was, therefore, stated that the rainfall of the winter eason was 
plotted against the sea level of the preceding calendar year . In practically 
every year since the install ation of the La J olla tide gauge, when the ea 
level was higher than normal, the following rainfall wa abo,·e aYerage. 
Lik ewise, subnormal sea level occurs previous to a belo, -awrage rainfall. 
This six-months lag suggests a means of rainfall prediction. 

Currents.-The sea level at San Francisco, as pre,·iou ly tated show a 
semiannual variation, but winter surface temperature at the Farallon 
Islands 25 miles west of San Francisco do not alway correspond wi th the 
San Francisco sea levels (Figure 6). This difference can be better under-
stood by considering the currents off Montere. Ba~' - kogsberg (1936) 
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shows that during this period of disagreement, November to February, the 
"Davidson Current" extends to this region, introducing warm subsurface 
wate~ without markedly increasing the surface temperature. The inflow 
of this warm subsurface water may account for the high sea level during 
the period of the Davidson Current. Immediately following this period a 
period of upwelling begins and the sea level is lowered, depending on the 
amo~nt of upwelling. During the latter half of the upwelling period the 
density of the surface water decreases because of summer heating and the sea 
level rises. As the upwell ing gradually ceases, and oceanic period character-
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Figure 7. Departures of the monthly sea level values from seven years (1930-1936) monthly 
average for San Francisco, Los Angeles, La Jolla and San Diego. 

ized by the inflow of warm offshore water takes its place. At this time the 
sea level reaches its maximum, due to the increased temperature, especiall y 
near the surface. Thus, the currents appear to be instrumental in produc-
ing temperature changes and, accordingly, sea-level changes. Causes of 
these changes in the currents are not yet fully understood. 

It has been shown that it is necessary to take into account the difference 
in the character of density of the water associated with currents in order to 
account for the total changes in the temperature and salinity of water 
throughout the year. It follows that when the variations in the annual sea 
level at Seattle agree with those at San Francisco and San Diego similar 
alterations have occurred in the water columns over a wide area. 

Departures from the average monthly sea level at San Diego, La Jolla, 
and Los Angeles are in remarkably close agreement (Figure 7), but the San 
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Francisco deviations do not always agree with those at the southern Califor-
nia stations. This is particularly true during the winter of 1934-35. When 
reasoning as before, these monthly departur s would be representative of 
alterations due to currents which are eff ective in a smaller area and for 
shorter periods. Still small er areas are probably being aff ected simultane-
ously by changes of even shorter duration. 
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Figure 8. Dynamic topography and surface currents off southern California according to 
observations on the second cruise of the "Bluejin ." 

The currents recorded at the Scripps Institution Pier are main) , tidal, 
but the influence of eddies and offshore currents i al o irnificant. In 
general, a resultant inshore current to the south lower the sea leYel, while 
northerl y inshore currents cause the ea level tori e. The change depend 
largely upon the differences in den ity of th , ater di placed wrnch is a -
sociated with changes in the direction and velocit of the current. Becau e 
currents influence sea-level variations in this region, factors wrnch are attrib-
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uted to currents, such as their erosive power, will show a high correlation 
with sea level (LaFond 1938). 

The general circulation off the southern California coast has been investi-
gated by the" Bluefin" and" E. W. Scripps," and some of the outstanding 
features have been described by Sverdrup (1938). In spring and early 
summer its main features usually consist of (1), the California Current 
flowing to the southeast or about parallel to the coast, (2), the California 
Counter Current nearer shore flowing to the north and sometimes turning 
and forming (3), an inshore current to the southeast (Figure 8). The last 
two currents may be thought of as the inshore part of a large eddy. 

During periods when the Counter Current and the inshore current are 
about equal, as in Figure 8, the surface topography slopes down toward the 
coast. When the Counter Current becomes stronger and the inshore current 
is less pronounced or non-existent, the slope of the sea surface is reduced or 
may slope up towards the coast. In the former case, sea level at the coast 
is low and surface temperature near the coast is low, in the latter case both 
sea level and surface temperature near the coast are high. Thus, sea level 
is related to the character of the Counter Current. When this turns around 
such that the total inshore transport to the north is small, sea level is low, 
but when the total transport to the north is great, sea level is high. It is 
probable that in years of high sea level the northerly inshore flow is more 
pronounced and extends farther north than in years of low sea level. 

The cause of this eddy is not clearly understood but it seems probable that 
the prevailing wind systems which produce the general oceanic circulation 
vary from year to year, thus causing changes of the currents which, in turn, 
are reflected in changes of the sea level. 

SUMMARY 

An examination of variations in sea level along the west coast of the 
United States and simultaneous variations of the density of the waters near 
the coast leads to the following conclusions: 

1. Nearly all the variations in sea level on the West Coast of the United 
States can be accounted for by variations in the density of the water above 
500 decibars. 

2. The changes in density of the coastal waters are mainly explained by 
changes in the currents. 

3. Current variations of long duration affect the sea level in large areas; 
variations of short duration affect a smaller area. 

4. The variations of the currents appear to be caused by widespread varia-
tions in the atmospheric conditions. This conclusion is substantiated by the 
fact that variations in winter rainfall at La Jolla shows a high correlation with 
the variations in the annual sea level on the coast of Southern California. 
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