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GECDETIC LEVELING AND THE SEA LEVEL SLOPE
ALCNG THE CALIFCORNIA COAST

Emery I. Balazs
Bruce C. Douglas
National Geodetic Survey
National Ccean Survey, NOCAA
Rockville, Md. 28852

ABSTRACT: Comparisons between "free"
adjusted normal orthometric leveling
elevations and mean sea level at tide
stations are given in Braaten and McCombs
(1963) for the U.S. coastlines. Their
report indicated an apparent systematic
difference between the 1963 free
adjustment, which had a mean epoch of 1939,
and mean sea level along the coasts. Since
that time new leveling surveys, performed
primarily by the ©National Ccean Survey's
National Geodetic Survey (NGS), have Lkeen
accomplished between the San Francisco and
San Pedro tide stations for the epochs
1968-69, 1968&-71, 1971-72, 1973-75, and
1977-78.

The observed elevations at these tide
stations are compared to mean sea levels of
the 1941-59 epoch. Leveling surveys show
very good consistency with a steady trend
from negative to positive between 1968 and
1978. This trend indicates that San Pedro
is rising with respect to San Francisco or
that San Francisco 1is subsiding with
respect to San Pedro at an average rate of
about 70 mm/yr. However, an examination of
the tidal records does not reveal large
changes in the trend of mean sea level with
respect to the land at the tide stations.
Hicks and Crosby (1972) report the mean sea
level trend with respect to land (1946-72
series) is =-¥.3 mm/yr at San Pedro and
+1.8 mm/yr at San Francisco. Thus, the
indicated relative movement rate (7¢ mm/yr)
from leveling is about 30U times greater
than the rate indicated by tidal
observations. The reason for the large
discrepancy between relative movement rates
from repeat levelings and tidal
observations is unknown,



INTRODUCTION

During the development of the National Geodetic Vertical
Control Network in the United States the heights of Local Mean
Sea Levels (LMSL) above the Vertical Reference Surface (VRS) at
various epochs have been determined at many tide stations along
the coastlines,

The first consistent set of LMSL heights was computed from
the "free" adjustment of the 1929 vertical network. (A free
adjustment is one in which only one elevation is held fixed.)
William Bowie (1929), chief of the Coast and Geodetic Survey's
Geodesy Division, compared the geodetic elevations of LMSL and
found that the LMSL determined by tidal observations does not
lie in the same level surface as determined by geodetic
leveling. 1In his article, "Tilting of Mean Sea Level," Bowie
stated that LMSL in St. Augustine, Fla., was 55 cm lower than
at Portland, Me., and that LMSL in San Diego, Calif., was 26 cm
lower than at Seattle, Wash. These figures represent an
approximate overall slope of 4¢ mm per degree latitude on the
Atlantic coast and a slope of 18 mm per degree latitude on the
Pacific coast. He also estimated that the corresponding tidal
planes of the Pacific Ocean are higher than those of the
Atlantic by about 6 decimeters (dm).

A second comprehensive study of LMSL variations was made in
1963 by Braaten and McCombs (1963)in which they computed
geodetic elevations of LMSL of the 1941-59 epoch at all primary
tidal stations connected to the National Geodetic Vertical
Datum (NGVD) in 1963. The elevations were derived, as in 1929,
from the "free" adjustment of the entire U.S. Vertical Network.
The mean epoch of leveling for the network was 1939.7. The
results, which were similar to the first study, showed a
systematic slope from north to south of approximately 3¢ mm per
degree of latitude on the Atlantic coast and approximately
26 mm per degree of latitude on the Pacific coast. The
corresponding tidal planes of the Pacific Ocean were again
higher than those of the Atlantic by 6 to 7 dm across the same
latitudes.

A third study of LMSL in relation to geodetic leveling was
completed by the NGS in 1973. This study was based on
first-order leveling completed after 1963. Although
the results were not published, a paper on this study was
presented to the Fourth GEOF conference (Balazs 1873).

The LMSL elevations in 1973 were determined from the
adjustment of two special networks. On the Atlantic coast,
extending from Key Wwest, Fla., into Canada, the special
vertical network had a total length of 18,600 km; about 2,000 km
of these lines were in Canada and were leveled by the Geodetic



Survey of Canada. In addition, 21 control tide stations

were connected to the net on the Atlantic and Gulf

coasts. The second special net was developed in California.
Thirty~two closed circuits were formed in the California net,
with a total leveling length of about 6,068 km., Seven primary
tide stations were connected to the net.

On the Atlantic coast between Eastport, Maine, and Savannah,
Ga., the LMSL elevations derived from these post-1963 levelings
were very different from those derived in the previous two
studies. The systematic north-south slope of mean sea level
(MSL) disappeared, and the elevations varied inconsistently
above or below the VRS for the length of the Atlantic coast.
But between Savannah and Key West, the systematic north-south
slope reappeared and even increased to 40 mm per degree
latitude.

On the California coast the changes observed were even more
dramatic. The MSL slope,as computed from the adjustment of the
special California net, increased to about 60 mm per degree
latitude.

These large changes observed in LMSL could have originated
from the protracted nature of the surveying program. It took
several decades to complete the leveling of all the lines
included in the 1929 and 1963 adjustments. Leveling data for a
ly-year period were included in the two adjustments of the 1973
study. Wwhen level lines that have been leveled during
different years are combined into one network, junction bench
mark stability is a matter of concern. Unfortunately, the
effect of possible movement of the junction bench marks on the
LMSL elevations in these studies cannot be evaluated.

To eliminate some of the uncertainties caused by the large
time intervals between leveling epochs, the relative heights of
four LMSL on the California coast were investigated using a
different procedure. This new effort was based on repeated
first-order levelings along single lines between tide stations
and carried out in the shortest possible time period. The four
tide stations are located at the Presidio in San Francisco,
Avila Beach, the Los Angeles Outer Harbor in San Fedro, and San
Diego. 1The station records contain more than 19 years of tidal
data. Altogether during 1968-78, NGS performed leveling
between the tide stations in San Francisco and San Pedro five
different times.

Reasons other than the availability of large amounts of
leveling and tidal data determined the selection of the
California coast for this study. First, the three previous
studies indicated the MSL slope was persistently present and
very large. Second, oceanographers have better data because
ocean circulation is less complicated along the Pacific
coast than the Atlantic.



CCNNECTION OF LOCAL MEAN SEA LEVEL TO A REFERENCE POINT
(BENCH MARK)

Mean sea level has maintained an important role in geodesy.
The geoid was formerly defined by MSL. The U.S. 1929 National
Geodetic Vertical Datum was also based on MSL. Mean sea level
will be an important consideration when the future reference
surface for the North American Geodetic Vertical Control
Network is selected.

Local mean sea level is important for many practical reasons,
too. Elevations of local tidal planes above the VRS must be
considered in property surveys, construction, mapping, and
related activities. For example, if a State law defines the
property line as the intersection of land with one of the mean
water levels, the surveyor should be able to stake the property
using the nearest NGVD bench mark. Therefore, the relationship
between VRS and the local tidal datum should be known precisely
at each tide station. To aid the local surveyor we should
consider publishing two elevations in the coastal areas for
every bench mark of the NGVD--one for the NGVD and the other
above a selected and adjusted tidal datum. When a new VRS is
selected, consideration should be given to keeping the
difference between LMSL and VRS at all tide stations as
close to zero as practical.

Constantly changing water level heights are recorded by
different methods at tide stations. Eventually these
observations are meaned and a mean height is then related to a
tide staff or permanent bench mark. The Nation Ocean Survey's
(NOS) Office of Oceanography is responsible for most tide
stations in the United States. NOS publishes descriptions and
elevations above the local tide datum for all the Tide Gage
Bench Marks (TGEM) at each station. The transfer of water
level heights from the tide staff to the permanent bench mark
is accomplished by geodetic leveling. Figure 1 shows the
relationship between the tide staff and the TGBM and between
the tidal datum and the VRS. At primary tide stations the
staff and/or the automatic reading tape remains at the station.
Therefore, when NGS field personnel level to these tide
stations they usually level to the tide staff, in addition to
all the tide gage bench marks. If the tide staff is not in
place when NGS levels to the station, the difference "d" is
used to compute the elevation of LMSL. This "d" is usually the
mean of many leveling observations made by special tide units
or by local surveyors. If an NGS unit levels to the staff,
then "b" and "c" are used in the computations.

CONNECTION BETWEEN LOCAL MEAN SEA LEVELS

Local mean sea levels observed at widely separated
tide stations can be related to each other. This is done by
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either assuming that all LMSL of the same epoch are on

the same level surface or by using oceanographic leveling
(steric or geostrophic) (Montgomery 1969) or geodetic leveling.
That oceanographic and geodetic leveling often disagree is well
known (Sturges 1974a). Disagreement pertains to the size and
the direction of the slope. Some oceanographers estimate the
elevation difference of MSL between San Diego, Calif., and Neah
Bay, Wash., to be 7 cm + 5 cm from south to north. Another
factor is the inconsistency between LMSL elevations determined
by geodetic leveling of different epochs.

Figures 2 through 5 show- five different level routes between
San Francisco and San Pedro. Leveling along these lines was
performed during the following years:

Line no. Years Mean epoch
1 1968-69 1969.2
2 1968-~-71 1970.1
3 1971-72 1972.3
4 1973-75 1974.8
5 1977-78 ' 1978.2

Lines 1 and 2 have a common segment from San Francisco to
Morgan Hill, which is about 15 percent of the total length.
Therefore, the two results for the elevation of the LMSL at San
Pedro are not independent.

However, agreement between the two elevations (computed from
lines 1 and 2) is very close and gives virtually the same
elevation for the LMSL at San Pedro above the VRS. The
agreement is even more remarkable when we consider that the
second line was "open" for two years at Santa Margarita.
Several bench marks in bedrock were used to hold the elevations
for the 2-yr period. In the meantime the Feb. 9, 1971, San
Fernando earthquake occurred during the leveling of the second
line in the vicinity of Ventura. The epicenter of the
earthquake, which had a magnitude of 6.4 on the Richter scale,
was less than 106 km from the area of the leveling party.
Several sections of the line were releveled after the
earthquake, but no change was detected between consecutive
bench marks. Therefore, the leveling was continued as planned
to the San Pedro tide station. These two surveys agreed very
closely but disagreed greatly with oceanographic leveling.

The National Geodetic Survey repeated the leveling between
San Francisco and San Pedro in 1971-1972 with the cooperation
of the Los Angeles City and County governments (fig. 3). The
route of the survey was carefully designed to bypass the
rapidly subsiding areas of the San Joaquin Valley and San Jose.
The line was tied to the two previous level lines shown in
figure 2 and to other vertical control lines in the area. Loop
misclosures with the other level lines were acceptable and all
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three lines will be incorporated into the NGVD. The three
lines were also included in the 1973 special California
adjustment undertaken to study MSL (referred to here as the
third study).

In June 1974, in preparation for another leveling between the
two tide stations, NGS leveled from San Francisco to Oakland,
through the BART tunnel, just prior to the opening of the
subway system. On the Oakland side the line was extended into
the mountains to several bedrock marks to minimize the effect
of possible movement of the junction points while the line was
open. During November 1974, the level party returned from the
north and continued the leveling from Oakland (fig. 4). The
project assignment was to relevel the line along the California
Aquaduct through the San Joaguin Valley and connect the line at
Grapevine to the leveling carried out by leveling parties of
the Los Angeles County and City Engineering Departments. The
overall difference between the two LMSL was about 25 mm. The
results of this new survey agreed within millimeters of the
difference estimated from steric leveling, which created the
suspicion that either the new survey contained systematic
errors or that previous surveys were considerably less precise
than previously assumed. The questions that had previously
been raised about sloping MSL suddenly changed to questions
about the accuracy and reliability of geodetic leveling over
long distances. None of the leveling surveys discussed so far
were specifically designed to study the relationship between
local mean sea levels.

After the fourth GEOP conference report in 1973 on the
slope of MSL, geodesists from the United States and Canada
discussed the problem with oceanographers at various American
Geophysical Union meetings and workshops. Several papers also
were published on the subject (Chew 1977, Sturges 1974b). From
these discussions NGS developed a plan to relevel the line
between the San Francisco, Avila, San Pedro, and San Diego tide
stations in the shortest possible time interval, using coastal
routes nearest the ocean. This leveling was performed between
November 1977 and May 1978. Figure 5 shows the route of
leveling for this epoch and the relative heights of the 1941-59
LMSL at the four primary tide stations.

Simultaneously with the leveling survey, very long base line
inferometry (VLBI) observations were carried out by the Jet
Propulsion Laboratory, California Institute of Technology, in
the vicinity of the tide stations at San Francisco and La
Jolla. The purpose was to compare the relative elevations of
level surfaces obtained from VLBI and gravity measurements with
the leveling results. However, the results of the 1977-78
leveling surveys were such as to cause the reconsideration of
all previous surveys before proceeding further.,
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Figure 6 shows all five determinations of the LMSL at San
Pedro relative to San Francisco by single-line leveling. Each
of the five projects was observed under first-order, class I
specifications (Whalen 1978), which allowed 3 mm VYK tolerance
limits between forward and backward observations, where K is
the distance between bench marks in kilometers. A maximum
sight length of 50 m was required and levels equipped with
optical micrometers and double scale invar rods. The
horizontal iine in figure 6 represents a level surface that
coincides with the LMSL of the 1941 to 1959 epoch at San
Francisco and also the VRS for each leveling epoch. It is
assuned here that this level surface did not change during the
time of leveling.

The systematic rise of elevations at San Pedro with respect
to San Francisco indicated by the five level lines (or, if we
reverse the starting point, the systematic subsidence at San
Francisco with respect to San Pedro) gives a new dimension to
the "slope" problem. The overriding concern now is not the
direction and magnitude of the sloping MSL, but whether it is
possible to have a crustal tilt of about 78 mm/yr without the
tidal records indicating any significant change in the trend of
water levels. An examination of the tidal records does not
reveal large changes in the trend of MSL relative to land at
the San Francisco and San Pedro tide stations. Hicks and
Crosby (1972) have reported the trends of yearly MSL based on
the 1940 to 1972 series of tidal records; for San Pedro their
figure is =-6.3 mm/yr and for San Francisco +1.8 mm/yr. If we
correct each of these trends by -1.0 mm/yr for eustatic rise
and reverse the signs, we have an approximate movement rate. of
land relative to MSL. These rates are +1.3 mm/yr at San Pedro
and -0U.8 mm/yr at San Francisco, or a relative movement rate of
only 2.1 mm/yr between the two tide stations.

The tidal records of the same two stations were also examined
for the time period of the new levelings, i.e., from August
1968 to December 1977. Using the monthly means instead of the
yearly means, the trend of MSL relative to land is 1.5 mm/yr at
San Pedro and -4.4 mm/yr at San Francisco. The relative land
movement rate between the two tide stations computed from these
MSL trends is 5.9 mm/yr. The relative rate computed from
monthly means for the 18-yr duration is almost three times
larger than the one computed from the yearly MSL of the 1948 to
1972 epoch. The movement computed from monthly means, however,
is in the opposite direction from the movement computed from
yearly means. The difference is probably due to the different
time intervals rather than the use of yearly versus monthly
means.

COMPUTATION OF ELEVATION DIFFERENCES

Tables 1 through 5 show the step-by-step computation of
elevations for each epoch. The designations and localities of
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junction bench marks, distances, and three-height differences
between bench marks are tabulated. The L-numbers shown in the
data source column (far right) are the NGS archival numbers for
the level line. Symbols after the L-numbers refer to the
agency that leveled the line; the code is explained at the
bottom of the table. Lines without symbols were leveled by
NGS. Table 6 shows the accurmulated observed elevations of the
1941-59 MSL at four primary tide stations.

Table 6.—-Observed elevations of the 1941-59 mean sea level at
tidal stations.

Tide Type Date of leveling
stations elevation* 1977-78 1973-75 1971-72 1968-71 1968-69
941-4296¢ N.O. ] ) 0 ] ]
San T.0. 2 @ g %] ]
Francisco gpu 9 ] @ ) )
941-211¢ N.O. 0.0592
Avila T.C. g.9665
Beach gpu 0.6592
941-0660 N.O. 0.1849 ©.8256 -6.3122 -0.4988 -0.4989
San T.0. 0.18¢0 ©.0253 -0.3004 -0.5085 -0.5152
Pedro gpu $.1763 0.0248 -0.2942 -0.4982 -6.5036
941-0170 N.C. 0.1565 -0.6342
San T.O. 7.1564 -0.6514
Diego gpu 0.1472 -6.6370
* N.O. normal orthometric height in meters.

T.O.
gpu

true orthometric height in meters (Helmert).
geopotential unit

nouon

For this investigation, zero elevation was assigned for the
MSL of the 1941 to 1959 epoch at the San Francisco tide station
for all five level lines. Therefore, the VRS for these lines
is the level surface that coincides with the MSL of the 1941 to
1559 epoch at the San Francisco tide station.

Because new gravity values have been observed or
interpolated for each bench mark in California, these lines
were recently recomputed. Observed elevations are also
available in geopotential units (gpu) in addition to the normal
orthometric elevations for each bench mark.
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The Helmert orthometric height differences were computed by
converting the elevations in gpu to Helmert height with the
following formula:

=<

= om
where H is the orthometric height, C is the geopotential number
of the bench mark, and gm is the mean value of gravity along
the plumb line between the geoid and the bench mark. The gm
was evaluated for each bench mark by means of Helmert's formula

(Kaarianen 1966):
i} 1-.3.2)\ =
gmn =g+ g 3 om R

where g is the gravity at the bench mark, ¢ is the density of
the surface rock (standard density = 2.67 gm/cc), Om is the

density of the Earth (5.52 gm/cc), and R is the radius of the
Earth (6,370 km).

The starting gpu elevation for each line within an epoch was
recomputed to be consistent with the bench mark on the previous
line to ensure that the elevations were accumulated from the
zero reference point in San Francisco.

CONCLUSIONS
Figure 7 shows the relative elevation of southern California

with respect to San Francisco, as a function of the mean epoch
of each leveling survey. The mean epoch (T) is defined as

2 (date * length )
I length

T =

This reflects more accurately the time of the survey than
a statement about the beginning and ending dates of the
leveling program.

Two phenomena are apparent in figure 7. First, note that the
two surveys nearer in time give close agreement for the relative
elevation of LMSL of San Francisco-San Pedro. Second, the
overall change in elevation over the last 10 years is monotonic.
Thus, whatever is responsible for the apparent change in height
of San Pedro with respect to San Francisco would appear to be
highly systematic and have a time-dependent effect. The
apparent change in height is one order of magnitude greater
than what could reasonably be expected from leveling errors
based on the analysis of loop misclosures,

The original intention of investicating the slope of mean sea
level was to compare geodetic and steric leveling using an
independent third method, i.e., VLBI. However, the leveling
results suggest that a time-derendent phenomenon exists. Thus,
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our priorities have been altered to reconsider the leveling
process and study the details of past work, along with
postulating geophysical models.
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