
AD-AegR 518 NAVAL POSTGRADUATE SCHOOL MONTEREY CA F/B 8/8

JUN 80 T A BOUQUET
UNCLASSIFIED NPSB-80-007 NL

IIEIEEIIIIIIEI
EEIIIIIIEEEEEE
IIIIIIIIIIIEI
EEEIIIIIIEEEEE
EEEEEEIIIIIII
EEEEEIIEiiiii



NPS6-80-007

NAVAL POSTGRADUATE SCHOOL
0o Monterey, California

DTICELECTE..

THESIS
j 'PRECISION OF TIDAL DATUMS IN THE

CSACRAMENTO RIVER, CALIFORNIA

by

Timothy Alan Bouquet

June 1980

Thesis Advisor: W. C. Thompson

Approved for public release; distribution unlimited.
Prepared for: National Ocean Survey (Code C33)

6001 Executive Boulevard
Rockville, Maryland 20852

80 9 25 028
IIII~~~~ I I ii -



NAVAL POSTGRADUATE SCHOOL
Monterey, California

Rear Acniral J. J. Ekelund Jack R. Borsting
Superintendent Provost

This thesis was prepared in conjunction with research supported by
the National Ocean Survey (Code C33), 6001 Executive Boulevard, Rockville,
Maryland 20852 under Purchase Order No. NA8OAAG02672.

Reproduction of all or part of this report is not authorized without
permission of the Naval Postgraduate School.

Released as a
Technical Report by:

W. M. Tolles
Dean of Research

Accession For

Dkit. ' '''; T

D1t



SECUmY CLASSIPICAIO OP TwIS &&ag f m Dwe _ __e_ _ _

REPORT DOCUMENTATION PAGE RZAD tNSTRUCTflns
3zP4W_ -_WUIffIIM w- . 00VT AC NICbN NO .3, N CIPIEN' S CATALOG NuMSlI

NPS68-80-0'7 Elf ...- A
T. ITLE I mutLtj - .- " - L t AP REORT & P616O VINED

/p recis ion of Tidal Datums in the / ---9une
Sacramento River, California. June -91O9 -

a. PlmPoewIfe Ono. REPORT IMuNlSee

7. AUTOR~11. COWNMACT 03 GRANT NUMNEWf*)

imothy Alan/Bouquet / ) A

S. PESPOSINGo@R O@ IZATION "AMC AD A00119111 P ORAM TLANSOJC ASK

Naval Postgraduate School v NOAA Purchase Order
Monterey, California 93940 NA80AAG02672

II CONTROLLING OFFICE "AMC 4610 AsO NC02. Ii SEP05T OATE

National Ocean Survey (Code C33) June 1980
6001 Executive Boulevard IS. 14118 Ow PAGES
Rockville. Maryland 20852 182

14. MONITORING 4G9NCY bUIl A *005,53(il Waf e m to c..b I Ofil.) 1. SECURITV CLASS. (el te efotle)

Naval Postgraduate School Unclassified
Monterey, California 93940 . c .€nv£o./o.w.Ao..

,t. DIaSsTII UTIOW STATEMENT fi gue OhioRI

Approved for public release; distribution unlimited.

17. 0I3?TRIUTIOl ?AITWMCNT (i tl. th elel 111110011 Ei 8le• .t iINI "M aemu

Of. SUPPLEMENTARY mOTEs

10. KY WORO (Cw.o". an ".e a e e td eoee , u ON! de"Ift Sp by eek ab 0

Estuary Tides
Sacramento River
Comparison of Simultaneous Observations
Tidal Datums
Tidal Epoch 1960-1978

20. AIISTACT (Come"" mo M, iee of me..np OW #ml@t&F &i *Cm •inu)

A method is developed for extending computed 19-year tidal
datums (1960-1978 epoch) throughout the ocean/river transition
zone of the Sacramento River System using water-level measure-
ments from two long-term reference stations, at San Francisco
and Sacramento, and collected over an 18-month period at seven
secondary tide measuring stations located throughout the tran-
sition zone. The method uses the standard procedure of the
National Ocean Survey for comparison of simultaneous observations

W I0 T '0=7 1473 tos N or 1f AvS o s esOoLUE
(ae 1)W 018OI2-814-6601

(a IRSCUR11TV CLA80PSCAIION O0P TIA PAGE (Sham NO.Sh~e



~~~eumv IL_*SPCgU oP U4 *G obee -- __*. -=- -Em.

to determine 19-year tidal characteristics as a function
of river level, from which are determined the 19-year
datums. The accuracy of tidal datums, indicated by the
standard deviation, is found to be within 0.1 foot in
the lower bay system and within 0.2 foot upriver.

DD ion 1473

dfl144601 ~~~2 u~mv6aue'~o wgsen~Ona.u



Approved for public release; distribution unlimited.

Precision of Tidal Datums in the

Sacramento River, California

by

Timothy Alan Bouquet
Cartographer, Defense Mapping Agency

B.A., California State University Northridge, 1974

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN OCEANOGRAPHY (HYDROGRAPHY)

from the

NAVAL POSTGRADUATE SCHOOL
June 1980

Author

Approved by: LZ &h .VW I Thesis Advisor

/// second Rea

Cair an epartmyr or ceanogra

Dean "or science and Engineering

3



ABSTRACT

'A method is developed for extending computed 19-year

tidal datums (1960-1978 epoch) throughout the ocean/river

transition zone of the Sacramento River System using water-

level measurements from two long-term reference stations,

at San Francisco and Sacramento, and collected over an

18-month period at seven secondary tide measuring stations

located throughout the transition zone. The method uses

the standard procedure of the National Ocean Survey for

comparison of simultaneous observations to determine 19-year

tidal characteristics as a function of river level, from

which are determined the 19-year datums. The accuracy of

tidal datums, indicated by the standard deviation, is found

to be within 0.1 foot in the lower bay system and within

0.2 foot upriver.
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I. INTRODUCTION

A tidal datum is a plane of reference for elevations

determined from measurements of the rise and fall of the

tides. Water depths and tide heights are referenced to these

datums. High-water datums are used in the United States

for the determination of property boundaries. A low-water

datum is used for nautical charting so that actual depths

will normally be greater than those charted. In areas of

gradually sloping shoreline, the shoreline position can vary

dramatically with the choice of reference datum.

In tidal rivers, such as the Sacramento River of California,

the distance the measurable tide reaches upriver varies in-

versely with the river stage. At upriver stations the tides

vanish at high river levels. On the navigable rivers

draining the Atlantic slope of the Appalachian Mountains,

the upriver limit of the ocean tides is a well-defined

physiographic boundary known regionally as the fall line.

On the Sacramento River, on the other hand, there is no

convenient natural upriver barrier to the tides. The

National Ocean Survey (NOS) is the responsible agency of the

U.S. Government for tide prediction, nautical charting, and

tidal-datum determination in domestic waters. They are

presented in the Sacramento River and many other rivers as

well, with the problem of how far up the river system to

13



carry tide guaging for the purpose of tidal datum determina-

tion. This study investigates that problem.

The Sacramento River was chosen for study because of the

availability of tide data collected over a common time period

at a large number of tide stations in the river delta and

the San Francisco Bay System by a cooperative California/

National Ocean Survey tide program conducted in 1977-1979.

NOS is planning both a coastal mapping program and a complete

hydrographic survey of the San Francisco Bay and its tribu-

taries as a part of their intensive investigation in the

San Francisco Bay System.

This study does not directly answer the question of how

far gauging should be carried up the river system, that being

a policy decision to be made by NOS, but presents information

that might serve as a basis for making such a decision.

Data on tidal characteristics and on the quality of tidal

datums in the Sacramento River are presented to provide this

basis. The results may serve as a guide to the solution of

tidal datum surfaces in other tidal rivers as well. Primary

questions addressed include: (1) How do tidal characteris-

tics vary with superelevation of the river (the height of the

river surface above sea level), (2) with what accuracy can

tidal datums be determined in the river system from a short

series of observations, and (3) what quantitative criteria

might be used to decide whether the river should be judged

14I



tidal, or not, for the purpose of datum-plane determination?

The focus of the analysis is primarily on question (2).

This question is examined by computing equvalent 19-year tidal

datums using a short series of tide observations at secondary

tide stations in the river system, derived from comparison

of simultaneous observations at an oceanic reference tide

station having a long tidal history. The standard procedure

for comparison of simultaneous observations used by NOS

(Marmer, 1951] was used as a basis for datum analysis in the

Sacramento River.

This study will in effect develop 19-year datums and

ranges from a series of short observations for tide stations

in the Sacramento River above Presidio, San Francisco to

Sacramento, and then analyze the accuracy of these determined

datums. This will be done using raw hourly heights by first

separating the dominant harmonic tidal components from the

non-harmonic river fluctuations. Then the heights and times

of high and low waters at the secondary tide stations will

be computed for comparison with the same tides at Presidio

to determine the 19-year datums and ranges using the standard

procedure. A least-squares technique will then be used to

define relationships between river levels and computed tidal

datums and ranges. The variability of the determined datums

represents the accuracy of datum determination by the standard

procedure for comparison of simultaneous observation in the

Sacramento River System.
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II. LOWER SACRAMENTO RIVER SYSTEM

The Sacramento River System considered in this investi-

gation extends approximately from the City of Sacramento,

down the main channel of the Sacramento River to Suisun Bay,

thence along the tidal channel that runs through Suisun and

San Pablo Bays of the San Francisco Bay system to terminate

at the Presidio tide guage in the entrance to the San Francisco

Bay (Figure 1). Sacramento is located near the upper limit

of tidal influence. Presidio, on the other hand, is con-

sidered here to be situated in an oceanic tidal environment

where daily water-level variations are primarily tidal in

nature. Between these two stations lies the tide-river

transition zone which upriver is subject in diminishing

degrees to the influence of the tides and in increasing

degrees to the influence of the river. Between the City of

Sacramento and Suisun Bay the river traverses the delta of

the Sacramento, San Joaquin, and several smaller rivers.

Water levels in the Sacramento River below the confluence of

the San Joaquin River near Collinsville often reflect runoff

from both major rivers, but above Collinsville the river

level is determined mainly by runoff of the Sacramento.

Nine tide observation stations in the Sacramento River

System were chosen for analysis in order to present a picture

of the tidal and river characteristics throughout the

16

A7



tide-river transition zone (Table 1). These stations were

selected for their even distribution along the river system,

and to represent each tidal regime along the river system.

The Sacramento River at Sacramento, at a distance of about

111 nautical miles (NM) upriver from San Francisco, is about

200 yards wide, and has a charted depth of about 10 feet (low

river stage). At Walnut Grove, downriver 28 NM and below

several meanders, the river is even narrower (about 100

yards wide) and about the same depth. At Three Mile Slough

the river widens to half a mile and is over 20 feet in depth.

Further down, the San Joaquin joins the Sacramento as it

empties into Suisun Bay. Collinsville is located at this

juncture. Mallard Island is 4 NM westward of this point and

exhibits similar tides to those at Collinsville. Suisun

Bay widens considerably (to 5 NM) and narrows again at

Benicia, which is at the eastern entrance to Carquinez

Strait. This strait is a constricted channel cut through

rolling hills that connects Suisun Bay with San Pablo Bay

to the west. Port Orient is located in the southern portion

of San Pablo Bay, just 10 NM north of San Francisco. The

long-term primary tide station used for comparisons in this

study is the gauge at Presidio, San Francisco.

This river system presents several interesting features

for tidal studies. These include the extensive lower bay

system in immediate and open communication with the Pacific

17



Ocean through the Golden Gate, the constriction of Carquinez

Strait, the upper bay system comprising mainly Suisun Bay,

and upstream from that the delta region where the tide wave

is divided among numerous tributaries and sloughs.

To relate the datums throughout the river system, all

measurements and datums were reduced to the National Geodetic

Vertical Datum (NGVD), which is the standard geodetic reference

datum for elevations in the United States. Tide-staff eleva-

tions relative to NGVD are given in Table 2. There is a

possibility of subsidence in the Sacramento River Delta. The

most recent geodetic leveling in the delta was carried out in

1964 and 1965. No attempt was made in this study to deter-

mine or account for subsidence.

Annual variations of river level at Sacramento are so

great as to eliminate any tidal influence during periods

of high water. Figures 2A and 2B show twenty years of mean

monthly water levels at Sacramento, 1958-1978 [Zeile, 1979].

Winter water levels above 20 feet can be seen in some of the

prominent winter peaks. Summer lows are usually, but not

always, below five feet NGVD. Note in Figure 2B the "drought

years" of 1976 and 1977 when the winter water levels were

lower than the average summer lows. Table 3 which includes

statistics for Sacramento is a primary product of this study.

Mean river levels at Sacramento for the 18-month period of

this study were statistically typical for the river over many

18

Lk
....... . . ,T ,



years, as can be seen from a comparison with the monthly

1 mean river level for the 19-year period 1960-1978 (Table 3).

Extreme variability of the river during the study period was

not as great as is sometimes found during the previous 19

years.

I1I,
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III. TIDAL DATUMS AND RANGES

Two high waters and two low waters each day characterize

the semi-diurnal mixed tides which are found on the Pacific

coast of the United States. The two high and two low tides

are normally of different heights, thereby providing a higher

high water (HHW), a lower high water (LHW), a higher low

water (HLW) and a lower low water (LLW) each day. The sequence

of these four water levels varies throughout the fortnightly

tide cycle. Every 14 days the tides go through a cycle of

both reduced range (neap tides) and increased range (spring

tides) due to changes in phase of the primary lunar and solar

harmonic tidal constituents. Arithmetic means of these water

levels over any chosen observation period produce four primary

tidal datums, MHHW, MLHW, MHLW, and MLLW. From these are

derived the following tidal datums which are the datums used

j in navigation and in property boundary determinations:

(1) mean high water, MHW, which is one half of the sum of

the MHHW and the MLHW, (2) mean low water, MLW, which is

similarly the mean of the MHLW and the MLLW, and (3) mean

tide level, MTL, the mean of the MHW and MLW [Marmer, 1951].

These datums are listed in Table 4.

Mean sea level, MSL, is derived from the mean of hourly

heights rather than from water level extremum values. In

this study it was computed only for Presidio for inclusion

20
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in Table 5. The terminology mean river level, MRL, is used

interchangeably with mean tide level, MTL, for stations

upriver where the tidal influence is greatly reduced, their

mathematical derivations being the same.

Tidal ranges are a measure of the mean amplitude of the

tide and are derived from differences in elevation of the

tidal datums. The mean range, MN, is the difference between

the MHW and the MLW. The height difference between the MHHW

and the MHW is the diurnal high inequality, DHQ. Similarly,

the difference between the MLW and the MLLW is the diurnal

low inequality, DLQ. The diurnal or greater range, GR, is

the height difference between the MHHW and the MLLW.

By computing tidal datums from observations over a 19-

year period, termed a tidal epoch, virtually all significant

astronomical cycles can be averaged out, thereby providing

datums which, in the absence of eustatic sea level or land

elevation changes, are stable. The period of the longest

tidal constituent of significance, caused by regression of

the moon's nodes, is 18.6 years, but 19 years is used

in practice to average out the larger amplitude yearly tide

cycle. Because of long-term variations in sea level, it is

necessary to specify the 19-year epoch used for computing

datums. The 1960-1978 epoch, which NOS intends to adopt as

a replacement for the 1941-1959 epoch (Hicks, 1980], is used

as the reference for the datums and ranges presented in this

study.
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The elevations of the tidal datums and ranges for the

epoch 1960-1978 at Presidio, San Francisco, which were used

as the standard for comparison with the secondary stations

in the Sacramento River system are given in Table S.

Included in Table S are the elevations of the previous epoch

of 1941-1959 used in other studies, and the datums for the

18-month period of this study.
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IV. DATA AND EDITING

The tide observations analyzed in this study were

acquired on magnetic tape, tide gauge analog record, and

paper computer printout from NOS and the U.S. Geological

Survey (USGS). These are listed in Table 2. Digital tide

data for Presidio for January and February 1978 were unavail-

able, so heights of high and low waters were read directly

off the analog bubbler gauge record supplied by NOS; for these

two months the times of the predicted tides were considered

adequate since they do not affect datum determination by

the comparison of simultaneous observations procedure. Hourly

heights were extracted from both the 15-minute computer print-

out supplied by USGS and the six-minute magnetic tapes

supplied by NOS for systematic computer handling. These

hourly heights were used to compute, by a procedure described

later, the times and heights of high and low waters, which in

turn were used to compute 19-year datums and ranges by the

method of comparison of simultaneous observations. Tide data

for Hercules was not analyzed due to the limited amount of

data available.

Due to equipment malfunctions, gaps occurred in all of

the tide records (Table 2). Short gaps in the record of up

to three days were interpolated to within 0.1 foot by using

the pattern of the previous and subsequent tides as a guide.

23



Here, ten days of hourly heights were plotted on the same

48-hour graph as five lines centered around the gap. The

missing tides were then interpolated by hand to best fit the

pattern. Gaps longer than three days could not be inter-

polated with acceptable certainty. Mallard Island, Collinsville,

Three Mile Slough, and Walnut Grove contained uneditable gaps,

requiring special handling in computations. All datum and

range computations were performed for the whole study period

of 1/1/78 - 6/30/79 except for the uneditable gaps.
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V. PROCEDURES AND ANALYSIS

Programs described here extract the tidal component

from the edited hourly heights, determine the heights and

times of high and low waters, sort these tides by daily

type, and then determine tidal datums by the comparison of

simultaneous observations procedure. This procedure compares

the same tides at a short-term or secondary station with a

long-term reference or standard station. Graphical presenta-

tions and analysis of these extended 19-year datums for the

1960-1978 epoch were then produced. The important programs

are included in the Appendix. All computations were performed

on the IBM 360 digital computer at the W. R. Church Computer

Center of the Naval Postgraduate School. Graphics were pro-

duced on the Versatec plotter attached to the computer.

A. HIGH AND LOW WATERS PROGRAM

For the purpose of computing datums by the procedure

of comparison of simultaneous observations, the times and

heights of high and low waters are required. To obtain these

values from the digital hourly height data, a second-degree

polynomial was fitted using a least-squares procedure to the

hourly heights. This parabola-fitting procedure, which is

fully described by Zeile [1979], consists of two steps.

First, four successive hourly heights are scanned in a moving

25



window for a trend or slope. Whenever these heights show a

change in the sign of the differences in successive hourly

heights, this is used as an initial guess for an extreme

water. Upon detection of a change in trend, the five hourly

heights distributed around the sign change are then fitted

with a polynomial. The point on the curve with a zero deriva-

tive is then used as the time and height of the extreme water.

This procedure provides heights accurate within a tenth of a

foot. For a more refined determination of the tide time and

height upriver where the tide wave is clearly assymetrical,

a third or fourth order polynomial might be more appropriate

for some purposes. This refinement is not justified here in

view of the fact that variations in river height greatly

exceed the accuracy with which tide heights can be determined.

B. TIDE SELECTION AT PRESIDIO

In order to determine tidal datums the tides must be

sorted by daily tide type. Since all river stations were

compared with the Presidio reference station, all tides at

Presidio were indexed by daily tide type. It is normally a

simple task to distinguish the higher high, lower high,

higher low, and lower low waters by their relative heights.

When two consecutive high or low waters have the same height,

it is adequate to follow the previous day's pattern.

Since the average period between consecutive tides is a

little longer than six hours, every fortnight there occurs a
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solar day containing only three tides. For accurate datum

determination it is essential that the tide type of the three

tides be determined. The Manual of Tide Observations [USCGS,

1965, p. 54] recommends for hand comparison that the previous

day's tide pattern be used for a guide to the pattern for the

three-tide day. This procedure usually works well, but is

inadequate on those occasions when a change in tide type

sequence occurs simultaneously with a three-tide day.

Attempts to use the previous day as a guide sometimes failed

early in this study because the day-to-day change in tide

height is occasionally greater than the diurnal high or low

inequality. A satisfactory solution, developed by the author,

is to use the relative heights of the four waters occurring

before noon on the day of the three-tide day as a guide for

the tide or tides in the A.M. and the subsequent four waters

as a guide for the water or waters occurring in the P.M.

This identifies tide types in a consistent manner.

C. HARMONIC FILTERING PROGRAMS

During high river levels at upriver stations the range

of the tide may be reduced to approximately the level of

noise, which has a magnitude of about a tenth of a foot

(Zeile, 1979]. The river height at which tides can be

identified at a given station can be increased by separating

the prominent semi-diurnal and diurnal tidal components from

the non-harmonic river components of the water level. This
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was done by computing running means of the hourly heights

using averaging intervals determined by the periods of the

harmonic components to be suppressed, i.e., 24 hours for the

solar component and 25 hours for the principal lunar com-

ponent (2M2 = 24.96 hours). Application of these filters

applied singly and in combination is illustrated in Figure 3

for a 24-day series of tide measurements at Presidio. The

upper two curves, displaced vertically for ease of comparison,

show the residual water level remaining after application

of the 25-hour filter (upper curve) and the 24-hour filter

(lower curve). The middle set of curves shows the effect

of double filtering with both 24 and 25-hour running mean

filters and the triple filter recommended by Godin [1966],

compared with the 24-hour filter. It may be seen in this

example that the double filter eliminates these harmonic

components almost as effectively as the triple filter. Use

of the triple filter, which requires a little more computing

time, yields only an incremental improvement over the double

filter; accordingly, a double filter was used in this study.

The residual, which at river stations represents the river

component of the observed water level history, can then be

subtracted from the hourly heights to extract the tidal com-

ponent to be used in the comparison of simultaneous observa-

tions. This procedure was used for the uppermost river

stations, Walnut Grove and Sacramento, because they both
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experienced high enough water levels so that the tide would

get lost among the noise.

An additional filter was used to eliminate fictitious

tides (non-tidal water-level fluctuations mistaken for tides)

occurring at Sacramento during periods of high river level.

Zeile (1979] found that an actual tide wave would not arrive

at Sacramento sooner than 6.5 or later than 14.5 hours after

it passed Presidio. Accordingly, the time of tide at

Sacramento was compared to that at Presidio, and if the

lag was less than 6.5 hours it was considered fictitious

and ignored. If the lag was greater than 14.5 hours it was

assumed there was a missed tide; accordingly, the tide was

nevertheless used as an estimate of the missing tide and

also for the next comparison. This crude method produces

an acceptable approximation of the mean river level, but

other datums and ranges derived at river levels above tidal

influence have no significance.

For the lower river stations, where fictitious and missing

tides did not occur, the time lag from when the wave passed

Presidio to the time it arrived at the secondary station was

used to synchronize the array of high and low waters at the

river station with the corresponding waters at the standard

station. Travel times used were from the Tide Tables

[NOS, 1978].
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D. COMPARISON OF SIMULTANEOUS OBSERVATIONS PROGRAM

Tide observations at all river stations were compared to

those at Presidio, San Francisco using the standard comparison

of simultaneous observations procedure which is explained in

detail by Marmer (1951). Two assumptions are made in the

use of this procedure: (1) The difference between the mean

tide level over the period of observation and the actual 19-

year mean tide level is the same at both the standard and

subordinate stations, and (2) the ratios of the observed

ranges to the actual 19-year ranges are the same for both

stations.

This procedure, which may best be understood from

examination of the program given in the Appendix, first

separates the tides by type (HHW, LHW, HLW, and LLW) at both

stations. The mean of each tide type at the secondary station

is then computed for the comparison period. Differences in

height between the same tide at the reference and secondary

stations are averaged over the comparison interval yielding

mean differences for each tide type. The time differences

in the occurrence of common tides at the two stations are

used to compute the high water and low water time lags

between the two stations. The elevations of the datum planes

and the ranges as described in Table 4 are then computed for

the period of the common tide observations for both stations.

Range ratios are computed using the differences in the common
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datum elevations between the stations and the ranges at the

secondary station. These are then multiplied by the 19-year

epoch ranges for the Presidio reference station (given in

Table S) to derive effective 19-year ranges (1960-1978 epoch)

for the subordinate station.

The mean tide level over the observation period for the

secondary station is adjusted to an effective 19-year mean

tide level by applying the difference between the observed

mean tide level and the established 19-year mean tide level

at Presidio to the observed mean tide level at the secondary

station. Effective 19-year high and low water datums are then

computed from the effective 19-year mean tide level and the

19-year ranges.

E. STATISTICAL ANALYSIS AND GRAPHICS PLOTTING

Numerous customized computer programs were written to

produce the many statistical data analyses and graphics

presented in this report. None are included in the Appendix.

The principal products include the following:

1. Time Series Graphs

Continuous 19-year datums and ranges were generated

and plotted for each river station by the comparison of

simultaneous observations procedure using a running 28-day

observation period and a one-day computation step. Examples

of these time series graphs, which show the seasonal
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variability of these datums and ranges, appear in Figures 11

and 12 for Sacramento. Similar Graphs for all the river

stations are included in Appendix A.

2. Datums and Ranges along the River System

To show the extreme values found in the data during

the study period, a maximum, or peak, and a minimum were

computed for each data set, and are included in Tables 11-19.

Differences between these extreme values are listed in Table 9.

Mean values were computed for each data set over the 18-month

study period and these are included in Table 6, and plotted

for the length of the river in Figure 5. High water and low

water values from the 18-month study period are provided for

each 19-year datum and range at each station (Tables 7 and 8).

These statistics are also plotted for the length of the river

system from Presidio to Sacramento (Figures 7-10).

3. Scatter Plots and Regression Lines

The 19-year datums and ranges were also plotted

against the 28-day mean tide level for each station and are

in Appendix A. For an example of one of these scatter plots,

see Figure 15. A least-squares procedure was used to fit a

straight line of regression to each data set, providing a

mathematical relationship between the 28-day river level at

each station and the computed 19-year datums and ranges. The stan-

dard deviation of each data set about the line of regression was

also computed to provide a measure of the variability of each

32



relationship. The slope and y-intercept of the lines of

regression were tabulated and are included in Tables 11-15

and 18. Graphs of these statistics along the river system

for each datum and range are included in Figures 16-24.

4. Datums and Ranges at Presidio

In order to illustrate the effects and variability

produced on datums and ranges by the use of various observa-

tion periods, tidal datums and ranges for Presidio for the

study period were computed and plotted using simple running

means of the various sample lengths (Figures 13-14, 26-31).

Mean datums and ranges computed for the entire study period

at Presidio are shown in Table S.

S. Comparison of Observation Intervals

To demonstrate the accuracy of datum determination

with various short lengths of comparison, 19-year datums and

ranges were computed using 7, 14, 28, and 56-day observation

periods at Sacramento. Time series graphs of these are

found in Figures 11-12 and 32-37. Scatter graphs of these

datums and ranges against mean river level for each observa-

tion period at Sacramento are found in Appendix A; an example

is shown in Figure 38. Regression statistics for the scatter

graph data are found in Tables 16-19, and are plotted against

the length of comparison in Figures 39-47.

3
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VI. DISCUSSION

A. TIDAL BEHAVIOR IN THE RIVER SYSTEM

Many of the characteristic features of tidal behavior

in the river system are illustrated in Figure 4, which

shows a short series of tide waves as they move upriver

from San Francisco Bay during a period of high river stage.

Simultaneous hourly heights for a two-day period are plotted

for eight stations from Presidio to Walnut Grove. The curve

for Sacramento is omitted, the mean river level being over

21 feet on these days and there being effectively no tides.

The figure shows that as tide waves travel upriver, their

range generally decreases and they arrive at each consecu-

tive station at a later time. Less obvious in this example

is asymmetry of the tide wave which develops upriver, the

high tide traveling faster than the low. One can also see

the increase in mean tide level upriver, the gradient of

which is determined by the prevailing river stage. It may be

noted that the MTL gradient increases markedly upriver from

Three Mile Slough where the Sacramento River is confined to

a narrow leveed channel. The increase in MTL can also be

seen in Figure S, which shows the elevation relative to NGVD

of the derived 19-year datums throughout the river system

(discussed more fully below). Note in this figure that MLLW
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lies below MTL at the Presidio as far as 70 NM upriver from

the Presidio.

Another interesting phenomenon is the increase in tide

range found at some of the lower river stations relative to

the range found at Presidio. According to the Admiralty

Tidal Handbook [1975], as a tide wave moves into a typical

estuary, the range is amplified due to its confinement in

a narrowing channel. This increase exhibited in the

Sacramento River System can be seen in the increased mean

tide range shown in Figure 6 at Point Orient. Note also a

second increase in range found at Three Mile Slough (56 NM

from Presidio). This apparent increase is due to the lack of

low water (summer) data for the lower two stations,

Collinsville and Mallard Island. Above Point Orient,

Figures 5 and 6 both nicely show the decrease in range

which is generally observed as the tide wave opposes the

river current and gains in elevation. Tidal influence is

found at elevations more than double the MHHW level at

Presidio, demonstrating that the tidal energy indeed climbs

uphill. The DLQ is reduced substantially, whereas the DHQ

is only slightly affected upriver by the increase in eleva-

tion. The data for Figure S and 6 are found in Table 6.

Figures 7 and 8 (and Table 7) show the 19-year tidal

datums and tidal ranges, derived from 28-day comparisons,

that correspond to a time of lowest river level during the
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study period when the tide reaches the farthest upriver. At

these times the computed 19-year datum elevations are lowest

and tide ranges are largest. Figure 7 shows a slight upriver

decrease in elevation of MTL between Point Orient and Benicia

and also between Three Mile Slough and Walnut Grove. Sub-

sidence may be a factor at Three Mile Slough; however, a

comparison of MTL in Figures 5, 7, and 9 suggests that sub-

sidence said to be occurring in the Sacramento-San Joaquin

Delta has been small. This elevation discrepancy may be

entirely due to the lack of data for Three Mile Slough during

the low water summer months.

Figures 9 and 10 (and Table 8) show the computed 19-year

tidal datums and tidal ranges along the Sacramento River

System, derived from 28-day comparisons, that roughly

correspond to the highest water stage in the river system

during the study period. The decrease in tidal ranges upriver

is relatively rapid and there is essentially no tidal influ-

ence at Sacramento. The diurnal high and low water inequali-

ties are seen to disappear upriver so that the tides tend to

become semi-diurnal in type. Note in Figure 9 the flat MTL

in San Pablo Bay and in Suisun Bay, and the gradient found

between Point Orient and Benicia. The latter is considered

to be due to the constriction of the Carquinez Strait.

36



B. 19-YEAR DATUMS AND RANGES IN THE RIVER SYSTEM

The standard NOS procedure for comparison of simultaneous

observations is used to carry datums from a standard or

primary tide station at which long-term 19-year datums have

been established, to a secondary or subordinate short-term

station. This procedure is more accurate for longer periods

of comparison than for short. The commonly used length of

comparison is one month. This provides estimated 19-year

datums having a standard deviation of 0.13 feet for oceanic

tidal stations on the Pacific Coast within the same tide

regime [Swanson, 1974]. Operational limitations have at

times restricted tide observations to comparison intervals

as short as a week or less, providing reduced accuracy.

Because of the effect of length of comparison on accuracy of

determination, a standard comparison period of 28 days was

chosen for examining the effects of river superelevation on

computed 19-year datums and ranges. A 28-day period was

selected because it minimizes the prominent fortnightly cycle

of spring/neap tides, it is the length of a lunar month, it

approximates the commonly used comparison period of one month,

and also is short enough for convenient computation.

In order to examine the effect of length of the comparison

period on computed 19-year datums and ranges, computations

were also made using a series of intervals of 7, 14, 28, and

56 days duration. This series provides a geometric

3

37



progression from a short to a longer comparison interval,

including the 14-day interval which approximates the period

of the prominent spring/neap cycle. Longer lengths of

comparison did not provide a significant increase in accuracy

over that given by the 56-day interval.

The results of these comparisons are discussed in

Section B4.

1. Seasonal Datum and Range Variation

Upriver, the character of the tides varies considerably

throughout the seasons. Figure 11 shows running 19-year datums

at Sacramento derived from 28-day comparisons with the tides at

Presidio using a one-day computational time step. Figure 12

shows the corresponding ranges. Range values shown for the

periods of higher water level, above 10 feet NGVD, are essen-

tially computational noise created by comparison of river

flow fluctuations at Sacramento with real tides at Presidio.

The values for the MTL do present an accurate picture of the

mean water levels in the river. The largest 28-day greater

range, which occurs at lowest river levels, is about a foot

and a half.

Figures 13 and 14, which are presented here for com-

parison with Sacramento, show the variations in the datums

and ranges, respectively, found at Presidio for the same period.

These were produced by computing a simple running mean average

of the appropriate high and low waters. The pips and
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oscillations are computational artifacts resulting from the

three-tide day, and occur with fortnightly frequency. Figure 13

shows fluctuations in the mean tide level which are primarily

due to meteorological effects. The long-period harmonic

fluctuations in tidal range, best shown in Figure 14, are

attributed primarily to the annual and semi-annual harmonic

components of the astronomical tidal forces. Similar graphs

of datums and ranges were produced for 28-day comparisons for

all the river stations and are included in Appendix A.

2. Influence of River Flow on 19-Year Datums and Ranges

Each 19-year datum and range was plotted against the

28-day mean tide level used to compute that datum and range

for all of the river stations except Collinsville, and these

graphs are included in Appendix A. Collinsville shows

characteristics very similar to those at Mallard Island due

to their proximity, and therefore has been excluded. With

regard to terminology, mean river level is used inter-

changeably with mean tide level in places where the river

flow is the major influence, even though both are computed

from the mean of the high and low waters. These graphs are

illuminating presentations of the range of 19-year values

which would be expected from a comparison of simultaneous

observations at each station knowing only the 28-day observed

MTL. They also provide information on the variability of

these datums and ranges with changes in river flow. The
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circular patterns of data points exhibited in many of these

graphs may be due to hydraulic differences between rising and

falling river stages or to variations in contribution from

the San Joaquin River.

In order to quantify the relationship between the

19-year datum or range and the observed 28-day MTL, a least-

squares fit line of regression was computed for each data

pair. The values for these are listed in Tables 11-15 and 18.

The slopes given in the tables quantify the influence of the

river flow on the datum or range shown. A zero slope indi-

cates no river influence, a slope of one indicates no tidal

influence, and a negative slope indicates an inverse relation-

ship to river level. The significance of the y-intercept

can be illustrated by imagining a cessation of river flow

into the system. The mean water level of the entire system

will then fall to sea level, and tidal ranges and datums will

be primarily influenced by the geometry of the lower river

system. Assuming the relationships computed from this data

can be extrapolated to this low water case, the y-intercepts

provide estimates of extreme values for the datum or range

at unusually low water levels.

At Walnut Grove, for example, there is a definite

decrease in the range of the tide as the MTL increases; this

can be seen for the period of study in Figure 15. The linear

relationship GR = 3.848 - 0.396 MTL can be fitted to this
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data with a standard deviation of a tenth of a foot (see

also Table 15). The GR intercept indicates that the largest

28-day diurnal range that could be expected at Walnut Grove

is about 3.8 feet. The MTL intercept (or x-axis intercept)

provides an estimate of the water level at which there will

be no tide. This calculates to 9.7 feet NGVD. The equation

also gives the level at which the tide range equals the tenth

of a foot noise level as 9.5 feet NGVD. These values are

close to the river level at which the tide disappears also

at Sacramento.

Figures 16 through 24 show how these regression

variables for the period of study vary along the river system

for the five datums and four ranges of interest computed

using 28-day observations. These graphs show the relative

influence of the river flow and river system geometry on the

datums and ranges along the river system. The reliability

of these relationships is indicated by the standard deviation,

plotted as squares. The degree of river level influence

on the datums is indicated by the slope, plotted as triangles,

with a zero slope indicating no river influence and a slope

of one indicating no tidal influence. The influence of the

geometry of the river system on the datums and ranges can be

seen in the y-intercept values, plotted as circles, which are

estimates for the 19-year datums or ranges which would be

expected from a cessation of river flow.
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Figures 16-20 show the variability of the 19-year

MTL, MLLW, MLW, MHW, and MHHW datums from Presidio to

Sacramento. The general increase of the slope upriver for all

five datums clearly shows an upriver increase in the influence

of river stage on the datums. Even in the lower bay system,

the MTL and high water datums are influenced by river flow

as is shown by the small positive slopes at Point Orient.

The standard deviation for all datums is lowest

in the lower bay system (less than 0.1 foot), and generally

increases upriver. It is 0.15 foot or less for all datums

except for the low water datums at Sacramento, the latter

being 0.18 foot. These small standard deviations indicate

a very close relationship between datum elevations and the

river level, and provide the basis for specifying a set of

19-year datum planes throughout the river system that are

independent of the river level.

Nineteen-year high and low water datums are computed

from the sum of a range and the 19-year mean tide level.

Accordingly, the standard deviation of a high or low water

datum will be equal to the root mean square of the standard

deviation of the 19-year range and 19-year MTL. Any error

in the computation of the 19-year MTL will contribute

significantly to errors in computation of the high and low

water datums; therefore, any improvement in the 19-year

MTL determination in a river system will significantly

improve the datum determinations.
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Statistics on the 19-year ranges are shown in

Figures 21 and 22. The slopes calculated for the greater

range and mean range show similar patterns, increasing with

increasing mean tide level (positive slope) till about halfway

up the river system, where the superelevation causes a

decrease in range (negative slope). There is a point about

60 NM upriver where the slope is zero, indicating that

the ranges are independent of the river level. At Sacramento

the slope again approaches zero due to the numerous water

level data above the influence of the tides. A more negative

slope value would be found at Sacramento if the regression

was computed only for the low river levels which are subject

to tidal influence. It is interesting to note that in the

lower portions of the river system a tidal range amplification

results with increases in mean tide level.

The effects of river flow on the inequalities are

shown in Figures 23 and 24. The DHQ is little affected by

the changes in river level, the slope of the statistical

distribution being approximately zero regardless of river

level throughout the river system. The variability of the

19-year DHQ averages less than 0.1 foot throughout the river

system, and is about 0.02 foot everywhere below the narrow

channel sector of the river. The DLQ, on the other hand, is

noticeably affected by the superelevation, disappearing in

the upper river even at stages of low river flow.
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3. Relation between Sacramento and Other River Stations

Figure 25 shows the 28-day mean tide levels for all

the river stations plotted against the mean river levels for

the same 28-day interval at Sacramento. This figure can be

used to estimate the 28-day observed MTL expected for any

station downriver knowing the 28-day mean river level at

Sacramento. Lines of regression were fitted to these rela-

tionships and the statistics from these are shown in Table 20.

Reference can then be made to the individual station graphs

in Appendix A to determine probable values for datums and

ranges at that river level. Using standard tide tables of

predicted tides for San Francisco, the linear relationships

shown in Figure 25, and the real time mean river level at

Sacramento, water levels and tide ranges can be then pre-

dicted for the stations in between.

4. Accuracy of Datum Determination from Short Observations

At secondary stations, a short series of tide observa-

tions is compared to a reference station for computation of

19-year datums. A one-year observation interval is a

standard recording period used by NOS for secondary stations

today. Mean datums and ranges were produced for Sacramento

over the 18-month period of this study and are included in

Table 3. Data limitations restricted the ability in this

study to produce statistics on the reliability of a one-year

length of comparison in the river system. It was also
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considered that results obtained using one-year data samples

could be accurately extrapolated from the products derived

using shorter sample intervals and that they would not differ

much from the 28 and 56-day results. The latter proved to be

the case. Hydrographic survey limitations occasionally

require comparisons to be made from shorter periods of

observation, NOS Form 248 being used for comparisons of

seven-day or fewer observations.

In this study it was decided to use a series of short-

period observations for the purpose of evaluating the effects

of the length of tide observations on the effective 19-year

datums and ranges produced. Accordingly, four observation

intervals were chosen of 7, 14, 28, and 56 days. Seven days

approximates the shortest series of tide observations generally

used historically in hydrographic surveying, as stated above,

and 28 days approximates the commonly used one-month comparison

interval. It may be noted that the interval of 14 days is the

closest full-day approximation to the prominent fortnightly

cycle of spring/neap tides, and so any averaging over this

period or its multiples would be expected to minimize varia-

tions in the means obtained. The four observation intervals

were also selected to form a geometric progression to simplify

interpolation or extrapolation of results obtained to other

tide observation periods than these.
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In order to present a picture of how the water levels

can vary over short observation periods and of the effects of

averaging these variations, 7, 14, 28, and 56-day running

means of the tide heights and their differences at Presidio

were computed for the study period. Time series plots of

these are shown in Figures 13 and 14 and 26-31. The varia-

bility of the prominent fortnightly tide cycle can be clearly

seen in Figures 26-29 produced from the 7 and 14-day running

means. Figures 30 and 31, produced from a 56-day running

mean, effectively average out these fortnightly variations.

For contrast, the effects of 7, 14, 28, and 56-day

tide observations at a river station are shown in Figures 11

and 12 and 32-37 for Sacramento. These figures show the

fluctuations of the river to greatly exceed the tidal

influence; nevertheless, the fortnightly spring/neap cycles

appear prominently in the ranges computed from a seven-day

comparison in Figure 33 during low river stages. Figure 36

shows the damping effect of a longer comparison interval on

both the river and spring/neap fluctuations, and Figure 37

shows the corresponding ranges.

Evaluations of the effect of the length of tide

observations over the study period on computed 19-year

datums and ranges were performed using tide data from

Sacramento. Scatter graphs, such as shown in Figure 38 of

the 19-year datums and ranges plotted against the computed
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mean river level for the same comparison interval, were

prepared for each of the four comparison intervals and are

included in Appendix A. A line of regression, which may be

thought of as a line of datums or ranges, was computed for

each of these scatter graphs and the statistics developed

are given in Tables 16-19 and are graphically summarized

in Figures 39-47. The figures and tables give the slope and

y-axis intercept of the lines of regression and the standard

deviation of the data points about this line, each plotted

against the length of comparison.

The figures show that the slope values and y-intercept

are very nearly independent of the tide observation period.

The standard deviations, however, show a definite decrease

with increased length of comparison for all 19-year datums

and ranges. An eightfold increase in the length of comparison,

from 7 to 56 days, reduces the standard deviation of the

19-year MTL about the short-term observed mean river level

by a factor of two according to Figure 39. A similar reduc-

tion in the standard deviation about the lines of regression

for the other datums and ranges can be seen in Figures 40-47.

The scatter graphs show that most of the variability of these

standard deviations occurs at lower river levels, the tides

disappearing at high water levels.

Swanson [1974] used the standard procedure for com-

parison of simultaneous observations to compute the accuracy
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of datum determination with comparison intervals ranging

from one month to one year for oceanic stations in the same

tide regime. His graphs also show dependency of the the

accuracy on the length of comparison. The standard deviations

shown in Figure 42 for MHW and in Figure 43 for MHHW are very

nearly identical to the standard deviations for these high

waters found by Swanson [1974, p. 11-12, Figures 8 and 10]

over the common sampling interval (one to two months) for the

standard method of comparison on the Pacific coast. The

rate of accuracy change with sampling interval for the over-

lapping data are in agreement; therefore, the rate of change

determined by Swanson can be used to estimate the accuracy

which would be expected at Sacramento from even longer

comparison intervals than presented here. Swanson's data

all pertain to oceanic tide stations where river effects

on the water level are negligible. Thus, it is of particular

interest here to note that the dependency of the accuracy of

high water datum determination on the length of observation

is independent of whether the secondary station is located

in the oceanic or riverine environment.

Accuracy of computed 19-year low water datums show a

similar rate of improvement with longer sampling intervals,

but the accuracy of low water datum determination in this

river system is about 40% lower than it is for high water

datums. These determinations for low water datums show
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standard deviations of up to 0.180 foot at Sacramento, which

is 35% less accurate than the low water standard deviations

found by Swanson for the West Coast. Surprisingly, it is

about the same as the 0.183 foot standard deviation he found

for the Gulf Coast using the standard procedure. The

accuracy of determination of the mean tide level found here

is close to that found by Swanson [1974, p. 12, Figure 10].
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VII. CONCLUSIONS

The standard method of comparison of simultaneous obser-

vations can be applied in the Sacramento River system in

order to produce internally consistent 19-year datums and

ranges. The validity of using this procedure is based on

the fact that linear relationships can be developed between

the datums and ranges and the river levels. Considering

the variability of river fluctuations, the reduction in

precision of determination that occurs upriver appears

acceptable. Two assumptions are made in the use of the

procedure: (1) The difference between the mean tide level

over the period of observation and the actual 19-year mean

tide level is the same at both the standard and subordinate

stations, and (2) the ratio of the observed ranges to the

actual 19-year ranges is the same for both stations.

In regard to the first assumption, for a secondary

station located where river discharge produces a water-level

superelevation above the ocean level, a weakness of the

standard comparison procedure applied in a river system is

the method of determination of the 19-year MTL. The standard

procedure applies the height difference between the observed

MTL at the primary station and its 19-year MTL, termed a

corrector, to the observed MTL at the secondary station.

This difference may amount to a foot at Presidio for a

so



seven-day observation period and half a foot for a 28-day

period. This difference cannot be expected to travel up-

river as a constant quantity but should undergo a reduction

and/or amplification proportional to that experienced by the

ranges or inequalities. A question remains as how to best

apply this difference upriver. It is possible that the

difference diminishes rapidly upriver as does the diurnal

low inequality. This can be determined with assurance only

from a long series of observations at secondary stations. It

should be pointed out that applying this corrector in a place

where it is inappropriate induces oscillations in the 19-year

MTL which are not real. A comparison of the MTL in Figure 26

with the MTL in Figure 32 shows that the fluctuations are the

inverse of one another, indicating that this MTL corrector

is inappropriately applied at Sacramento.

The second assumption appears valid for all probable mean

river levels at all secondary stations, except Benicia, there

being a well-defined linear correlation between river level

and range reduction or amplification through the river system

(Tables 11-15 and 18, Figures 21 and 22). An unusual situ-

ation occurs at Benicia where it was difficult to get a close

linear fit between the ranges and the mean river level

(Figures 21 and 22). The diurnal low inequality at low

river levels was found often to behave as if the lowest

waters could not overcome the seaward current through Carquinez

Strait.
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Tidal ranges diminish with increased superelevation of

the water level in the Sacramento River, disappearing

completely at certain high river stages except in San Pablo

Bay where some range amplification is seen with the relatively

small superelevation which occurs there. The diurnal low

inequality is affected more by the river superelevation than

is the diurnal high inequality.

The 19-year mean tide levels and high water tidal

datums can be computed in the river system with an accuracy

comparable to that resulting from comparisons in an oceanic

environment found by Swanson (1974] for the same observa-

tion interval. Low water datum determination is less

accurate than high water determination in the river

system. Nineteen-year tidal datums determined from short

comparisons are dependent, though, on the specific super-

elevation of the river.

A method has been developed here having a straightforward

statistical basis, using tide observations collected over

observation periods on the order of a year at secondary river

stations, where a 19-year record is available for both an

oceanic reference station (Presidio) and a river reference

station (Sacramento), for obtaining the elevation of the

standard tidal datums along the full extent of the river

system in which tidal oscillations occur.
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The method involves determination of precise values for

19-year datums and ranges anywhere up the river system in the

following way for a chosen mean river level. For each datum

and range at each river station, precise regression equations

have been developed expressing the computed 19-year datums

and ranges as a function of the river level; these are given

in Tables 11-19. Substituting the chosen river level into

these equations, one can then calculate consistent datums and

ranges by simply multiplying the MTL by the slope and then

adding the y-intercept. For example, the monthly mean river

level at Sacramento for the epoch years 1960-1978 is 7.54 feet

NGVD (Table 3). From the relationships presented in Table 18,

19-year datums and ranges can then be computed around this

mean river level for Sacramento for the epoch 1960-1978 and

are included in Table 3. It may be noted from the table that

the standard deviation of the mean river level over this 19-year

period of observations is almost five feet.

In the example just considered, the mean of 19 years of

river level measurements was chosen for establishing tidal

datums for the 1960-1978 epoch for Sacramento. However, there

are other logical choices of mean river level that can be

derived from these long-term measurements around which tidal

datums may be desired. These long-term river level measurements

may provide a statistical basis for the choosing of suitable

river levels around which to determine tidal datums. A histo-

gram for this purpose is included as Figure 48 which shows the
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height distribution of monthly mean river levels at Sacramento

for the eopch years 1960-1978.

For levee design or the determination of property boundaries,

a statistically high river level may be chosen. For navigation

purposes a low level datum would be chosen. With regard to the

latter, it may be noted in Table 3 (upper part) that the tidal

datums at Sacramento cluster about the long-term mean river

level, but that because of the wide variations in river ele-

vation, water levels below MLLW occur much of the time (lower

part). Accordingly, a datum for navigation at Sacramento

would best be chosen at a river level substantially below this

MLLW. In oceanic tide regimes, where tides are the only

influence on water level, fluctuations below the low water

datum chosen for navigation are statistically infrequent

and of small magnitude. In a river environment, a statisti-

cal low water level must be developed for both influences,

river level and tidal fluctuations. The data in Figure 48

might be used to choose a suitable low river level. Some

possible choices for a low water navigation reference at

Sacramento are: (1) the ten-percent quantile water level

(3.58 feet), which approximates the lowest waters in a normal

summer season at Sacramento, (2) the minimum value found in a

19-year record (1.98 feet, for 1960-1978), which is a low

water level in an unusuahly dry summer, and possibly (3) the

hypothetical river level if the river stopped flowing
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altogether, which would be calculated by the MTL y-intercepts

as discussed previously (0.18 feet, Table 10). At any one

of these river levels, a MLLW with respect to that level can

be determined, and used as the nautical charting datum.

With any one of these choices it would be possible to

establish a datum which is continuous throughout the transition

zone of the Sacramento River System. In practice, tidal

zoning, defining separate datums for each section of the

river, would be required.

With regard to the question raised in the introduction,

results obtained here for the Sacramento River System show

that there is no natural discontinuity or feature along the

river system that can be objectively used to terminate up-

river tide measurements for datum determination purposes.

However, there are several possible criteria that might be

adopted for this purpose, each requiring an arbitrary speci-

fication: (1) A specified ratio of mean river superelevation

(MTL in Table 6) to the mean tide range (MN in Table 6),

(2) a specified ratio of river variability (manifested by

the MTL in Table 9) to tidal variability (GR in Table 6),

(3) a specified percentage of time that a tidal influence

prevails (for example, the point where the tide shows some

influence half of the time is where the median river super-

elevation equals the level of no tide; this point is above

nine feet upriver from Sacramento.
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feet this point is upriver from Sacramento), and (4) the point

above which the river has no tides. The position of the

last choice cannot be determined from the data studied, but

requires knowledge of the river gradient above Sacramento.

Assuming the river gradient is similar above Sacramento to

that below, the tides will travel an additional 100 NM

beyond Sacramento at a low river level, based on the rate

of range decrease along the confined section of the channel

from Walnut Grove to Sacramento indicated in Figure 7

(Table 7).

The results of this study raise the following questions:

(1) Can the procedure developed for the Sacramento River

System be applied over the entire Sacramento-San Joaquin

delta region, (2) over what extent of the Sacramento-

San Joaquin delta region can the Sacramento 19-year reference

station be used to determine water levels at other stations,

and (3) is a separate reference station needed on the upper

San Joaquin river system? The California/NOS cooperative

tides program of 1977-1979 involved the synoptic collection

of tide data from some 53 stations throughout the delta

region above Carquinez Strait, and the California Division

of Water Resources maintains some 43 longer term recording

stations in the region. This wealth of data may provide the

means for answering these questions.
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Table 3. TIDE DATA FOR SACRAMENTO

All elevations and ranges are in feet.

MEAN VALUES* MEAN VALUES FOR

19-YEAR DATUM FOR EPOCH 1960-1978 STUDY PERIOD 1/78-6/79

MHHW 7.99 NGVD 7.40 NGVD

MHW 7.77 7.17

MRL 7.54 6.85

MLW 7.17 6.53

MLLW 7.07 6.42

19-YEAR RANGE

GR 0.920 0.947

MN 0.602 0.642

DHQ 0.216 0.224

DLQ 0.100 0.108

STATISTICS FROM
MONTHLY MEAN
WATER LEVELS FOR EPOCH 1960-1978 STUDY PERIOD 1/78-6/79

MEAN 7.54 NGVD 7.07 NGVD

MEDIAN 5.69 S.27

MAXIMUM 22.55 17.59

MINIMUM 1.98 3.67

10% QUANTILE 3.58 3.75

STD. DEVIATION 4.73 4.20

*Computed from the mean river level of 7.54 (from
lower part of table) and the relationships found
in Table 18.
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Table 4. TIDAL DATUMS AND RANGES

Daily Tides: HHW - Higher High Water

LHW - Lower High Water

HLW - Higher Low Water

LLW - Lower Low Water

Tidal Datums: MHHW - Mean Higher High Water

MHW - Mean High Water = 1/2 (MHHW + MLHW)

MLHW - Mean Lower High Water

MTL - Mean Tide Level = 1/2 (MHW + MLW)

MHLW - Mean Higher Low Water

MLW - Mean Low Water = 1/2 (MHLW + MLLW)

MLLW - Mean Lower Low Water

Tidal Ranges: DHQ - Diurnal High Inequality - MHHW - MHW

DLQ - Diurnal Low Inequality = MLW - MLLW

MN - Mean Range = MHW - MLW

GR - Diurnal or Greater Range- MN + DHQ + DLQ

or - MHHW MLLW
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Table 5. TIDE DATA FOR PRESIDIO

All elevations and ranges are in feet.

STUDY PERIOD
EPOCH 1941-1959 EPOCH 1960-1978 1/78 7/79

DATUM STAFF NGVD STAFF NGVD NGVD

MHHW 11.46 2.85 11.60 2.99 3.00

MHW 10.86 2.25 11.00 2.39 2.44

MTL 8.86 0.25 8.95 0.34 0.42

MSL 8.80 0.19 8.90 0.29 0.31

NGVD* 8.61 0.00 8.61 0.00 0.00

MLW 6.87 -1.74 6.90 -1.71 -1.61

MLLW 5.75 -2.86 5.77 -2.84 -2.56

*Geodetic datum

EPOCH EPOCH
RANGE 1941-1959 1960-1978 STUDY PERIOD

MN 3.99 4.10 4.05

GR 5.71 5.83 5.56

DHQ 0.60 0.60 0.56

DLQ 1.12 1.13 0.95
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Figure 39. VARIABILITY OF 19-YEAR MEAN TIDE LEVELS RELATIVE
TO MEAN RIVER LEVELS WITH COMPARISON INTERVAL AT
SACRAMENTO.
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APPENDIX A. GRAPHS

SACRAMENTO

Time Series I~ I -

Datums 0-1 B-i M-1 C-i T-1 W-1 32 34 11 36

Ranges 0-2 8-2 M-2 C-2 T-2 W-2 33 35 12 37

Scatter Plots III

MRL 0-3 B-3 M-3 T-3 W-3 Q-3 R-3 S-3 V-3

MLLW 0-4 B-4 M-4 T-4 W-4 Q-4 R-4 S-4 V-4

MLW 0-5 B-5 M-5 T-5 W-5 Q-5 R-5 S-5 V-5

MHW 0-6 B-6 M-6 T-6 W-6 Q-6 R-6 S-6 V-6

MHHW 0-7 B-7 M-7 T-7 W-7 Q-7 R-7 S-7 V-7

GR 0-8 B-8 M-8 T-8 W-8 Q-8 R-8 S-8 V-8

MN o-g B-9 M-9 T-9 W-9 Q-9 R-9 S-9 V-9

DLQ 0-10 B-10 M-10 T-10 W-10 Q-10 R-10 S-10 V-10

DHQ 0-il B-li IM-il T-11 W-11 Q-il R-11 S-il V-il

All graphs are computed from 28-day comparisons, except as

otherwise indicated. All scatter plots are relative to NGYO.
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APPENDIX B

SU8RCLTINE 7C CCl'PL75 Iq YEAR T7CAL CATUMS FPC?' A
COMPARISON OF !jPf.lANOtl~ IDEv AT A SUBORDINATE
STATICN FRC P FFES CIC EPCI 196J-1S7e

hT1.I.T2vT~1.1I2 ARE SYNCRCNIZFC ARRAYS CF HEIGI-7S
ANC TIMES CF IICI- AKC LVW hATfRt FOR PRESIDIO AKO
THE S C NOARV I ATICh P-S EC7!'vtLY

ITYFE IS AN ARPAV CF THE IY~f CF EACH TIDE
(l1-1 1-% 2=LI'b, IsH-Lh 'A4LHW)I

o a CIFFEFEfC ECF CIURNAL
H a -IGIH CA Hic-ER
La LJW CF LCEF
IV 1v AN
P aPPIPAPY CR FFES!C!C
C I9ECUAL I P

SP- CNCA V YCF cLECPC!KA19
Tf TAL
%AKTER

SLBRCLlIhZ CC'NPAR(MT1,1,t9-T2T12,ITYPESCVCNCOM'PLX
19 M4i"-Hh t'PI-bPTL ,MLI~eMLLhCtdNCCI-CCDLC,
2 LCFISlIl-S PM4TLSMTL)
r!?4ENSIOK l.1t232)H2(232),Pd(1232),TMJ2(232),ITYPE(23
FEAL*4 M-t.tWMTLPLPLLWLOWPHS

INITIALIZE VAF!AEL7S

1PHHU=O.
7FLl-b= C.
IPHLb'

ISLHh=C.
1SI-L%=C 9
ISLLh SO
LOUP1,SuC
I*IFI-S -C.

ES

SORT EY TYPE CF TICE

CO 3CC I*L~tNCCMP
I(TlfpzIVFE4(I
GO TC (31CqB2C930q34OIK1YPS

SUM 71E ICGEF kICI- WATSRS

.310 jl-H:SI %4:).d1I)

ASA*1.
CC TC 25S

SUM 7tIE LthEF t*IC. WATERS

320 IPM:IPL 42(')

GC TC 2"i
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SUM 71-9 HJCIE LCW W4ATERS

330 IPt-LbU:I PItLbs 4lT1
ISI-Lbu 1S1 Lb 41-fril

SUM IIE LCUEF LCIh hATFRS

340 7FLLh=TFLLh*4I-T1(!)
ISLLW~SLLb4172(1)
LOWPf-SmL0bFtS4(TM2(! )-7PfD )

29S F*761ALE
300 CCNTINLE

CCI'PLIE TIE CIfFFEECC TCTALS

C1fW=TSh- TFII-%

CHLW-!SI-Lb-IP)HL
CL LWsTS L -IFPLLW

C0AMPOJE TIF IEAT' CIFFPENCS

CMLhsCLI-'E i

CidLLhU=DLtb C
EMIW::* I CPI]4I4CMLH I~
tt'LWu5 ICH-Lb4OLL%)
C1L-. ~*(Ct H%4OLUL

COMPLTS TWE PSAf f-IGf ANO LCh TiMS LACS

LChPISuLChFIS/(C.C)

CCO~FLIE TIEF PEIN TICES

FPTL FPTL-f .61

CSL1.h=SLFMiE

~MLst.*IC L4C LLIAI
SMTLu.!4(SPI h4SPLW)

COMPLIE TWE PEA!' FAKGS WP~ IECLALITIES

I ti*OI-L* hC LLW

CHQD=0PHd*-CPL14k
C LCOuC Pl-L% -C LLIR

COMPLIE T*-E AWE QATICS
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COMPLie 15 VEAR PEAN TICE LcVELS
FROM FRESICIC IFCCI- 1960-157E

PTLz8,554EP7L-SNcvr
CM? =4.* copp
cc t-0=O.6C 4CI-C
CCI.0'1 55*F tic
PLLWzPLlm-CCLC
Plr16*PTL44 5**CM
r'HI-WsMth%4?CI-C
FEIUFN

SUBRC.TINE 10 CCIPLTE A RLINING MEAN FROM AN ARRAY CF DAIA

NIN I! THE NLPEER CF M:MBFPS Ih TP-c. INPUT ARRAY
LTIW IS WfE NLPEEP CF ARRAY MEMBERS IN EACH MEAN V~ALLE
IDEC Is TtE IrtCFEMENT CP 'SEAN CCMPUTAT!QN
( ICEC=l, -E ER' THIRD MEAN IS UCIT7D)

NOUT IS T E NLPFER CF MSefQES IN TI-E. OUTPUT ARRAY

SUeRCUTINE ECXCAR(SLNlNLTHqIOEC#NOUT)
FEA *4 SL(e2101

ISTAFTlI
20 1 lD-ISrAF14L11--1

30 SUMUM.9L(I)
PCL u'NCL41

442I~t~jFCA( L1h)
G-C Tt 2C
RE IURN
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THIS SUBROUTINE COMPJTES THE HEIGHTS AND T!4ES OF HIGH AND
LOW WATERS FROM A4 ARIAY GT!DE OF HOURLY HEIGHTS

LE IS THE NUMBER OF MEMBERS IN GTIDE
HJI GHT IS AN ARRAY OF HEIGHTS
TIME IS AN ARIAY OF TI4ES I4 H)JIS AND HUNDR53THS
CTIME IS AN ARRAY OF TIMES OF DAY IN HOURS AND MI!NUTES

SUBROUT1IE HWLW IGTIDE*LEtHE[GHTTIMErCTIME)
DIMENS13)N GTIDE(l2500),HEI-4r(24001,

I TIMS(2(tDO)tCTIME(24.O0)
K3LD-0
Js 0
foal

INITIAL GUESS OF HIGI OR LOW WATER

DO 60 Kxl LE
B=GTIDE ( K +GTIDE(K+1)-GTIOE((.31-GTIDE((44)
IF(B)l,2t3

I IC=-
GO TO k

F0+ 16095960
2 IC--IC
5 IDmIC

FIT A SECOND DR)SR CtJIVE TO THE HJURLY HEIGHTS

J=J+1
FZaGTIDE(K),4.*TIE(..II*9.*GTIDE(K,2)..I6.*GTIOE((,3)
1+25.*GT!DE( K+i)
FCzGTIDE(K)+GTIDEV(+I).G;TID-"( K+2)+GTIDE('(i3h

1 +GTIDE(K+4)
FLaGTIOE(K)*2.*GrIDE(K+11+3.*GTIDE(K+2)4tt.*GTIDE((+3)

+5.4'tTIDE( K+ft1

COMPUTE HEII-7-f AND TIME FROM THE EXTREMA OF TH4E CURVE

AOuFC/5 .- 3. *Al-l. *A2
TIME(Jlx-Al/(2.*A2)
HEIGHT(JI =AO.T!?4E(JI*AI+TINIE(J)**2*A2
TtME(J)sTTM(jJ+=LOAT(K)-2*

CO4PUTE TIME IN HOURS AND MI4UTES

TEMPT=TI4E (J) *133.

59 CONTINUE
60 CONT14UE

RETURN
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