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A case history of the hydraulics and sedimentation of the Corpus Christi
Water Exchange Pass, Texas , primarily from 1973 to 1975 is presented. This
pass, and the larger Aransas Pass, connect Corpus Christi Bay with the Gulf of
Mexico. Quantitative data on longshore sediment transport, tidal differentials
across the pass, flood and ebb tidal discharge, wind waves , and local winds
explain most of the bathymetric changes which have occurred in the flood tidal
delta , baymouth shoreline , channel , gulf mouth , bar bypassing system, and the—
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‘
~djacent Gulf of Mexico beaches . Dominant onshore winds produce gulf setup
and bay setdown such that , with the exception of the duration of anticyclonic
events with north winds , the pass is highly flood-dominated. Heavy surf in
the pass mouth and the longshore bars sweeping around the short jetties pro-
vide the gulf mouth with a large sediment supply which must be flushed by
tidal discharge if the pass is to remain open . Flood dominance combined with
a long channel require that most of the littoral drift entering the channel be
carried through its entire length to be deposited on the flood tidal delta
rather than be returned seaward by ebb flow .s~ Continued shoaling of thechannel supports stability concepts of O ’Bri,én (1931), Bruun and Gerritsen
(1960), Escoffier (1940), and others whic)i/suggest that the pass is of
marginal stability with a tendency toWat’d closure . The stability diagram
conceived by Escoffier ~by O’Brien and Dean (1972) usingkeulegan ’s inlet hydr lics shows the most promise for interpreting future
behavior of the pass. hoaling to a minimum cross-sectional area of less than
500 square feet (146 square meters) over a channel length of 500 to 1,000 feet
(150 to 300 meters) will probab ly lead to rapid closure .
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PREFACE

1. The Corps of Engineers , through its Civil Works program , has
sponsored , over the past 23 years . research into the behavior and charac-
teristics of tidal inlets . The Corps ’ interest in tidal inlet research
stems from i t s  r e sp o n s i b i l i t i e s  for nav i gation , beach erosion prevention
and control , and flood control. Tasked with the creation and maintenance
of navigable U.S. waterways , the Corps routinely dredges millions of
cubic yards of material each year from tida l inlets that connect the ocean
with bays , estuaries , and lagoons. Desi gn and construction of navi gation
imp rovements to existing tidal inlets are an important part of the work
of many Corps ’ offices. In some cases , design and construction of new
inlets are required. Development of information concerning the hydraulic
characteristics of inlets is important not only for navigation and inlet
stability, but also because inlets play an i mportant role in the flushing
of bays and lagoons .

2. A research program , the Genera l Investi gation of Tidal Inlets
prog ram , was developed to provide quantitative data for use in desi gn of
inlets and inlet improvements. It is designed to meet the following
objectives :

To determine the effects of wave action , tidal flow , and related
phenomena on inlet stability and on the hydraulic , geometric ,
and sedimentary characteristics of tidal inlets; to deve lop the
knowledge necessary to design effective navigation improvements ,
new inlets , and sand transfer systems at existing tida l inlets;
to evaluate the water transfer and flushing capability of tidal
inlets; and to define the processes controlling inlet stability.

3. The GIl! is divided into three major study areas : (a) inlet
classification , (b) inlet hydraulics , and (c) inle t dynamics.

a. Inlet Classification. The objectives of the inlet classifi—
cation study are to classify inlets according to their geometry , hydrau-
lics , and stability, and to determine the relationships that exist among
the geometric and dynamic character is t ics  and the environmental factors
that control these characteristics. The classification study keeps the
genera l investigation closely related to real inlets and produces an
important in l e t  data base usefu l in documenting the characterist ics of
in le ts .

b. Inlet Hydr’aulioa. The objectives of the inlet hydraulics
study are to define the tide-generated flow regime and water level fluc-
tuat ions in the vicinity of coastal inlets and to develop techniques for
predicting these phenomena . The inlet hydraulics study is divided into
three areas : (1) idea l ized  in le t  model s tudy,  (2) evaluation of state-of-
the-art physical  and numerical models , and Cc) prototype inlet hydraulics .

( 1) The Idea l ized  In le t  Model. The objectives of this  model
study are to determine the effect of inle t  configurations and structures
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on di scharge , head loss and velocity distribution for a number of realistic
inlet shapes and tide conditions. An initial set of tests in a trapezoida l
inlet was conducted between l96~ and 197fl . However , in order that subse-
quent inlet models are more representative of real inlets , a number of
“idealized” models representing various inlet morphological classes are
being developed and tested . The effects of jetties and wave action on the
hydraulics are included in the study .

(2) Evaluation of State-of—the-Art Modeling Techniques . The
objectives of this portion of the inlet hydraulics study are to determine
the usefulness and reliabili ty of existing physical and numerical modeling
techniques in predicting the hydraulic characteristics of inlet/bay systems ,
and to determine whether simple tests , performed rapidly and economically,
are useful in the evaluation of proposed inlet improvements. Masonhoro
In l e t, North Carolina , was selected as the prototype inlet which would be
used with hydraulic and numerical models in the evaluat i on of existing
techniques . In September 1969 a complete set of hydraulic and bathymetric
data was col lected at Masonboro In l e t . Construction of the fi xed-bed
physical model was initiated in 1969, and extensive tests have been per-
formed since then. In addition , three existing numerical models were
collected at Masonboro Inlet in August 1974 for use in eva l uating the
capabilities of the physical and numerical models.

(3) Prototype Inlet Hydraulics. Field studies at a number
of inlets are providing information on prototype inlet/bay tida l hydrau-
lic relationships and the effects of friction , t..aves , tides , and inlet
morphology on these relationshi ps.

c. Inlet Dynamics . The basic objective of the inlet dynamics
study is to investigate the interactions of tida l flow , inlet configura-
tion, and wave action at tidal inlets as a guide to improvement of inlet
channels and nearby shore protecti on works.  The study is subdivided into
four specific areas : (I )  model mater ials  evaluation , (2) movable-bed
modeling evaluation , (3) reanalysis of a previous inlet model study , and
(4) prototype inlet studies.

(I) Model Materials Evaluation . This evaluation was initiated
in 1969 to provide data on the response of movable-bed mode l materials to
waves and flow to allow selection of the optimum bed materials for inlet
models.

(2) Movable-Bed Model Evaluation . The objective of this study
is to evaluate the s tate-of- the-art  of modeling techniques , in th i s  case
movable-bed inlet modeling.  Since , in many cases , movable-bed modeling
is the only too l avai lable  for predicting the response of an in l e t  to
improvements , the capabi l i t ies  and l im i t a t i ons  of these models must be
establ ished.

(3) Reanalys is  of an Ear l ier  I n l e t  Model Study . In 1957 , a
report entitled “Preliminary Report : Laboratory Study of the Effect of
an Uncon trolled In le t on the Adjacen t Beaches ” was published by the Reach

5



Erosion Board (now CERC).  A reanalys is of the or igina l data is being
performed to aid in planning of additional GIll efforts.

(4) Prototype Dynamics . Field and office studies of a number
of inlets are prov idin g information on the effects of physical forces and
arti ficial improvements on inlet morphology . Of particular importance
are studies to define the mechanisms of natura l sand bypassing at inlets ,
the response of inlet navigation channels to dredging and natura l forces ,
and the effects of inlets on adjacent beaches .

4. This report is concerned primarily with presentation and analysis
of data collected during a field study of Corpus Christi Water Exchange
Pass , Texas , during 1973-75. However , selected results for the first
year of study at the pass (1972-73) (reported previously by Behrens ,
Watson , and Mason ; in preparation , 1976), are also presented . The data
collected provide inf orma t ion on both the long- and short-term stability
of the pass and on the processes a f f ec t i ng  the dynamics of the pass and
adjacen t beaches .
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HYDRAULICS AND DYNAMICS OF NEW CORPUS CHR IST! PASS , TEXAS :
A CASE HISTORY , 1973-75

by

Richard L. Wataon and E. Willi~ n Behrena

1. INTRODUCTION

The Corpus Christi Water Exchange Pass (Fig. 1) extends from Corpus
Christi Bay to the Gulf of Mexico through Mustang Island , Texas . The
pass was dredged by the Texas Parks and Wildl ife  Department to promote
water exchange and fish migration between the two water bodies. Studies
of sedimentation in and around the pass and its tidal hydraulics and
stabil i ty began with its initial opening in August 1972 , and continued
intermit tent ly for 3 years to August 1975.

The design , construction , environmental setting , and behavior of
the inlet during its first year of existence were reported by Behrens ,
Watson , and Mason (in preparation , 1976) . The obj ectives in continuing
this inlet study were to:

(a) Document bathymetric changes at the gulf mouth of the inlet ,
especially in relation to bar-trough topography in the adjacent surf
zone;

(b) record bathymetric changes of the inlet channel in response
to increasing and decreasing tidal discharges which accompany seasonal
climatic changes ;

(c) record bathymetric changes at the bay mouth of the inlet and
thus to continue to trace the development of the flood tidal delta in
this area ;

(d) obtain tidal current time histories by applying Manning ’s
equation to continuously recorded tidal differential data between the
gulf and bay ;

(e) verify discharge and velocity computations by direct
measurement in the channel over a maximum range of meteorological
conditions and through any changes in channel morphology , and to try
to define causes producing variations in instantaneou s discharge-tidal
different ia l  correlations ; and

(f) apply hydrographic , longshore sediment transport , and tidal
discharge data to existing theories on inlet stability, and to evaluate
these theories.
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4 II. TIDAL DYNAMICS

1. Introduction.

One of the most important natural agents affecting an inlet is the
tidal flow , because of its predominant influence on the sediment
transport patterns which determine the size and morphology of the inlet .
The tides in the Gulf of Mexico are a complex mixture of diurnal , mi xed ,
and semidiurnal. The ranges and heights are controlled by daily and
seasonal meteorological cond itions as well as by monthly,  annual , and
longer astronomical cycles.

Predicted tides reveal the astronomical effects and the major
seasonal and 2-week cycles which sedimentological changes might be
expected to reflect. Comparison of observed with predicted tides
reveals effects of small differences between the study site and the
reference station tides and larger and more significant effects of
local winds on the tide levels and flows . Short-period tidal current
velocity measurements were made to determine a friction factor necessary
to calculate longer term flow characteristics from tide gage data . The
flow patte rns and discharges should also be reflected in the sediment
transport distribution patterns . The velocity measurements also sugges t
some sedime ntological and hydraulic factors affecting significant channel
friction variations through the tidal cycle.

2. Predicted Tides.

a. Source. The predicted tides were used for the study site
(Nat ional Oceanic and Atmospheric Administration , 1972-75) at Aransas
Pass.

b. Types. At the latitude of the study site , di urnal tides occur
when the moon is at its maximum northern and southern declinations, and
semidiurnal tides occur when it crosses the equator each 2-week period.
Eithe r tide may coincide with any lunar phase , e .g . ,  diurnal tides occur
with  new and full  moons at the soistices but with quadratures at the
equinoxes.

c. Ranges. Although syzygy and quadrature affect the tidal ranges
th rough the 2-week cycle , the decli national effect is greater so that
di urnal tides always have larger ranges (1.8 to 2.8 feet or 55 to 85
centimeters) than semidurnal tides (0.8 to 1.4 feet or 24 to 43
centimeters) .  Seasonally, ranges are largest when syzygies coincide
with maximum declinations at the equinoxes (Fig . 2) and smallest when
sy zygy and declination effects are opposed at the soistices . Similar
t ides occurring 2 weeks apar t may ha ve ranges whi ch diff er by 1 foot
(30 centi meters) depending on whether one tide coincides with perigee
and the other tide with apogee . Long-term astronomical cycles cause
this inequali ty to shift  from diurna l to semidiurnal phases over a
period of about 1.5 years. An effect of this shift was a decrease in

‘5
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.4
maximum , spring, and diurnal tidal ran ges through the study period
(Fi g. 2 ) .

d. Levels. Like tidal ranges , mean water levels have an annual
cycle of two hi ghs and two lows . However , the levels are not in phase
with the ranges (Fig.  2 ) .  Hi ghest water levels occur in October when
gulf-wide steric expansion is greatest , and lowest water levels are in
Ja nuary and February when steric contraction is greatest (Whitaker ,
1971). A second high occurs in April and May and a second low in July.
These secondary fluctuations have no correlations with seasonal
baromet ric pressure or steric effects but do correlate qualitatively
with winds . The monthly onshore component of wind (calculated as the
product of the monthly resultant windspeed and the sine of the angle
between the shoreline and the wind direction) is small due to strong
winter storms with predominantly offshore winds from September to March ,
has an annual maximum in April , and remains fair ly large from June to
September (Fig. 2) .  Thus , the high April water levels appear to be due
to gu lf wi nd setup.

Wi nds measured at the onshore weather station may have a similarly
high onshore component during the summer low water level period , but
may produce less setup because of shorter fetch . The spring winds are
probably more a part of the prevailing trade wind system with an
effective fetch of the whole Gulf of Mexico than are the stmuner winds
which have a large component of daily sea breezes with effective
fetches of only a few tens of miles.

3. Observed Tides.

a. Procedures. Tide data were gathered continuously with two
Bristol nitrogen bubbler water level gages . One gage (identified as
CCWE PG) was installed on the north jetty with the orifice in the channel
at a depth of about -1.6 feet (0.48 meter) mean low water (MLW ) and
about 500 feet (150 meters) from the gulf end. The other gage (CCWEP B)
was located on the north bank with the orifice in the channel about
500 feet (150 meters) inside the bay mouth . The bay gage had a 0- to
5-foot (0 to 1.5 meters) diaphrain and began operation on 11 June 1974;
the gulf gage had a 0- to 10-foot (0 to 3 meters) diaphram and began
operation on 12 July 1974.

Two adjustments were made to these installations . Periodic
sedimentat 3 on around the bay gage orifice during strong northers from
December to March necessitated relocating the gage farther toward the
center of the channel on 26 February 1975. On 4 November 1974, a
damping reservoir was installed in the gulf gage to produce a more
precise record by removing the effects of short-period wave action.

Orifice elevations were surveyed upon installation and three times
subsequently when the records showed sharp displacements suggesting
movements of the orifices. The tide records were read at 1-hour
intervals , and orifice elevation corrections were made by a computer
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which also determined hourly gulf-bay differences and water surface
slopes.

Daily highs and lows and differences from predicted highs , lows ,
and times thereof were determined from these data; monthly averages
were calculated by hand .

b. Observed Tide Levels and Ranjes. To assess gage accuracy, the
observations were compared with two National Ocean Survey (NOS) gages
located near Port Aransas , Texas . The Horace Caidwell Pier (HCP) gage
is located on a fish ing pier spanning the surf zone about one-half
mile southwest of the Aransas Pass jetty, and the Aransas Pass Channel
(APC) gage is located inside the jetties about 6,000 feet (1,800 meters)
from the gulf end (Fig. 1).

From July 1974 to February 1975, CCWE PG levels were higher than
both those of APC (by 0.75 foot or 23 centimeters) and HCP (by 0.31
foot or 9 centimeters) (Fig. 3). However, the differences were quite
consistent , especially between HCP and CCWEPG where they varied by no
more than 0.04 foot (1 centimeter) for 8 months . The average differences
between CCWEPG and both NOS gages changed significantly (>99.5-percent
confidence level) after February 1975 with CCWEPG>APC becoming 0.375
foot (11 centimeters) and CCWEPG<I4CP becoming 0.26 foot (8 centimeters).
Although this suggests a calibration change of roughly one-half foot
(15 centimeters) from the CCWEPG gage, no alteration of the data has
been made because of two other considerations: (a) Correction of the
CCWEPG data in the suggested direction would also require a simultaneous,
arbitrary change in the CCWEP bay gage data by the same amount, or else
calculated flow based on the water surface slopes between the two gages
would have only 53 hours of ebbtide over a subsequent period of over
46 days (i.e., a flood :ebb ratio of 20:1 or only 1 hour of ebbtide per
day on the average); and (b) both NOS gages show data discrepancies at
the time of change. The APC gage was out for February 1975. Differences
between observed and predicted tide levels for a 9-month period before
it went out averaged over 0.2 foot (8 centimeters) greater than
differences for an equivalent 9-month period after its operation was
resumed (1-test difference confidence level >95 percent). Additionally,
the HCP gage was discontinued in May 1975 due to malfunctioning 2 months
after its relations to CCWEPG changed sharply. A plot of the correction
factor applied to the HCP observations (Fig. 4) shows a sharply
anomalous trend beginning when the relationship first changed (March
1975) and ending when the malfunction caused gage readings to be
discontinued (May 1975). However, monthly differences between observed
and predicted tide levels at the CCWEPG gage averaged 0.37 foot (11
centimeters) before and 0.33 foot (10 centimeters) after the apparent
change (Fig. 5). No statistical significance can be assigned to this
difference.

Tide levels and tide ranges observed at CCWEPG, HCP, and APC follow
the predicted seasonal trends quite well (Fig. 3). Deviations from
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predicted values show a very weak trend of higher than predicted tides
mostly during September to March (Fig. 5). This weak trend as well as
the average differences between predicted and observed tides may be due
to differences between long-term averages of steric , barometric , and
wind effects and the actual conditions during the study period.
Therefore, Corpus Christi cliinatological data were compared with
differences between predicted and observed tides (Table 1).

Steric effects are difficult to analyze , but since air temperatures
(herein assumed to be an indirect measure of water density) for
November 1974 to February 1975 were below normal (i.e., density above
normal) when tides were higher than predicted , this was not the cause.
Below average barometric pressures which occurred in September 1974
and from December 1974 to April 1975 may have been a contributing
factor to the high tides during this period. However, sharply higher
than average pressures for October 1974 did not correlate with the
positive differences between actual and predicted tides which occurred
then. Similarly, winds which might cause gulf setup and positive
differences between actual and predicted tides if their onshore
component were above average, actually had an onshore component about
1 mile per hour less than average for the September 1974 to May 1975
period of high tides.

While these climatological factors do not seem to account for the
monthly or seasonal differences between observed and predicted tides,
local winds are often strikingly correlated with daily and weekly tidal
variations. Figure 6 shows the best example of such correlations. The
effect seems to be that the channel acts like a part of Corpus Christi
Bay especially during early fall , midwinter , and spring northers, i.e.,
the offshore winds associated with strong northers create setup in the
southeastern part of the bay and raise water levels in the entire
channel. Likewise, strong onshore winds pile up water in the
northwestern part of the bay and tide levels in the southeastern part
and in the channel are reduced. Wind effects on tidal discharges are
discussed below.

c. Predicted Versus Observed Times. Observed times of high
tides occurred an average of 14 minutes earlier than the times
predicted; observed low tides occurred an average of 42.5 minutes
later than the times predicted. The observed time differences
would produce shorter floods and longer ebbs than predicted. How-
ever , other evidence supports a flood dominance in tidal discharges.

d. Bay Observed Tides. The average of all hourly tide level
observations shows that at the pass , the mean bay water level is 0.25
foot (7.6 centimeters) below the mean gulf water level. This is about
half the difference between the NOS gages at Port Aransas (0.46 foot or
14 centimeters), where the mean levels (OIL) were taken as the average
of the daily hi gher highs and lower lows.
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Tabl e 1. Differences between observed and predicted tides
compared to differences between average and
actual climatological factors.

Barometric Onshore
Month Tide1 Temperature2 pressure3 wind4

— 
(ftj (OF) (in) ~ni/h)

1974

July -0.08 +4.1 -0.02 -0.5

Aug. +0.06 +0.1 0.0 +3.6

Sept. +0.40 +0.6 +0.07 -2.9

Oct. +0.65 +1.9 -0.12 +0.1

Nov . +0.47 -2.0 -0.02 -2.0

Dec. +0.34 0.0 +0.02 -2.8

1975

Jan. +0.55 -0.7 +0.04 +0.5

Feb . +0.58 -1.0 +0.05 -2.0

Mar. +0.21 #3.2 +0.09 -0.3

Apr . +0.50 +1.0 +0.02 +0.4

1. CCWEPG minus predicted value.

2. Observed minus average monthly mean air temperature .

3. Observed minus average mon thly  mean barome tr ic
pressure.

4. Observed minus average onshore component of resultant
wind.

Note : Comparisons were made so that all (+) values correlat e
with water levels above the predicted value and all (-) values
correlate with water levels below predicted values.
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The annual cycle of bay tide levels shows clearly the seasonal
trend of fall and spring highs and winter and summer lows . The gulf
levels exceed the bay levels most during low and rising seasonal tides ,
and least or are actually reversed during high or especially during
falling seasonal levels (Fig. 7). This pattern suggests that there is
a slight lag in bay response to the seasonal cycle similar to the lag
in a daily tidal cycle.

Bay ranges arc less than gulf ranges by abou t 1 foot. The seasonal
variations in gulf ranges are absent in the bay data. In the process
of reducing all tidal ranges, about one-third of the smaller semidiurnal
and mixed tides is eliminated completely in the bay. Smith (1974) found
a similar filtering out of the semidiurnal tidal components between Port
Aransas and Corpus Christi Bay, e.g., “the seinidiurnal M2 constituent
decreases from an amplitude of 0.25 foot (7.6 centimeters) at Port
Aransas to very nearly zero in the bay .”

A detailed analysis of the bay tides was considered beyond the
scope of this study. However, it is assumed that their responses to
wind stresses and setups are basically the same as that which explains
the deviations from predicted tides observed in the records from the
gulf gage. Discharges observed directly and computed from gulf and
bay gage data support this assumption.

4. Diurnal Discharge Measurements.

Twelve diurnal discharge measurements were made at cross-section
station X7 during 1974-75. These data were gathered to determine
maximum and minimum tidal discharges and prisms, maximum mean flow
velocities , and Manning ’s n for two sections of the channel.

a. Procedures. Water level data for each discharge measurement
were gathired b>Tthe water level recorders previously described. For
the eight studies from June 1974 to February 1975, the following
procedure was followed. A 3/4-inch nylon line was stretched between
two anchor5 across the pass. At intervals of 1 hour for a period of
25 hours, a boat was positioned at seven premarked stations along the
taut rope. Current velocity was measured at each station with a
Gurley-Price current meter at depths of 0.2, 0.6, and 0.8 foot of the
total depth. Current velocity was measured at 1-foot intervals at the
channel center. The total water depth was recorded hourly at each
station . Measurements at each station took approximately 3 minutes .

The above data and water levels recorded at each of the three water
level recorders were used to determine (a) the mean velocity for each
profile; (b) the mean velocity, hydraulic radius, wetted perimeter, and
area of the channel cross-section; and (c) Manning’s ii values for the
entire channel and for the two reaches from bay to bend and from bend
to gulf.
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During February to May 1975, veloc ities were measured only at the
channe l center but were taken at 15 minutes rather than hourly intervals.

b .  Discharge. Instantaneous discharge was computed as the product
of average channel velocity times cross-sectional area. The area was
measured at the beginning of each study period and adjusted according
to the tide level at the time of each velocity measurement . Tidal
prisms were computed as the average of flood and ebb integrated
discharges over a 25-hour period . Tidal differentials and discharges
are plotted against time for each of the diurnal study periods in
Appendix A , and a summary of the hydraulic data is given in Table 2.

Although measured spring tidal prisms averaged about 82 X 106 cubic
feet (2.3 x io 6 cubic meters) during the 1972-73 study (Behrens , Watson ,
and Mason , in preparation . 1976) the prisms averaged only 48 X 106 cubic
feet (1.4 X 10° cubic meters) for the studies from June 1974 to May 1975.
However , the difference is largely an artifact since few of the spring-
tides chosen for study in the latter period coincided with maximum lunar
decl ination and thus maximum diurnal ranges (Table 2). Monthly maximum
tidal prisms computed from long-tern tidal records show an average value
of 75 X 106 cubic feet (2.1 X 106 cubic meters). This smaller decrease
from 82 X 106 cubic feet was prcbably a function of the reduction in the
average cross-sectional area of the channel to a stable value of about
1 ,000 square feet (93 square meters) beginning about June 1974, and a
greater decrease in the min imum monthly cross section over that same
time period (Fig. 8).

A great prepond erance of the stud ies showed total average flood
prisms exceeded average ebb prisms by 60 percent . Max imum flood
velocities also exceeded ebb velocities by an average of 30 percent .
That this flood predominance is not an artifact of an unsuspected bias
in velocity measurements or selection of study periods is supported by
the greater average elevation of gulf over bay water levels near the
pass and by its clear presence in the long-term discharges computed from
10 months of bay and gulf hourly tide records . Temporary floodtide
enhancement should result from onshore winds , raising gulf water levels
and reducing bay water levels at the lee-shore bay mouth of the pass.
Long-term maintenance of this enhancement is discussed later in Section
II , 5.

Offshore winds should strongly enhance ebb discharges , not only
because such winds create setup at the bay end of the pass and setdown
in the gulf, but also because these winds are usually very intense
(20 to 50 miles per hour) being associated ~ith steep barometric
pressure gradients. The effects of such a ~‘norther” were observed on
12, 13, and 14 March 1975. A current meter observation was made every
15 minutes beginning at 1330 hours on 12 March. Strong onshore winds
of 14 to 19 knots blew until 2330 hours. A calm lasted for almost 2
hours until about 0100 hours on 13 March when 34 hours of northerly
winds began . Wind gusts up to 35 knots were common, and resultant winds
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of 20 knots or more persisted for 10 hours.

The effects of this norther may be seen by comparing tidal currents
during three 25-hour periods: (a) 1400 hours on 12 March to 1445 hours
on 13 March; (b) 0200 hours on 13 March to 0400 hours on 14 March; and
(c) 1200 hours on 13 March to 1300 hours on 14 March. The first period
included about 10 hours of strong onshore winds, 2 hours of near calm ,
and 13 hours of strong offshore winds. Flood and ebb currents coincided
almost exactly with onshore and offshore winds, respectively.

The second period began about 2 hours after the norther began and
included only offshore winds and almost no flood currents. Throughout
the third period, winds were offshore but blew at only 7 to 17 knots.

The discharges for these time intervals (Table 3) show that the
onshore winds preceding a norther may have as much effect enhancing
the floodtide as the norther does the ebbtides. Ebbtides clearly
predominate during the norther, but this condition diminishes as
quickly as the northerly wind abates. The maximum flood velocity during
the onshore wind was 1.6 feet per second (0.5 meter per second); the
maximum ebb velocity during the offshore wind was 2.2 feet per second
(0.7 meter per second).

Table 3. Tidal discharges for three 25-hour periods covering different
parts of the norther of 13 March 1975.

Date Time (h) Flood discharge2 Ebb discharge2

12 and 13 Mar . 1400 to 1445 41 381

13 and 14 Mar. 0300 to 0400 6 471

13 and 14 Mar . 1200 to 1300 12 23

I. Minimal figure; operation of the current meter was impossible
during heavy squalls at the beginning of the norther, and proper
functioning of the meter during the next 6 hours of rough boating
conditions was uncertain.

2. Millions of cubic feet.

A norther also occurred during a 25-hour diurnal study in February.
The wind began to blow from the north after about 6 hours of current
observation and continued through the rest of the study. Although the
norther was quite mild with maximwo sustained winds only 17 miles per
hour, a net ebb discharge resulted: flood 13 X 106 cu~ic feet (0.4X 10° cubic meters); ebb a 35~5 X i0

6 cubic feet (1 X 10 cubic meters).
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Maximum velocities were only 0.9 and 1.2 feet per second (0.3 and 0.4
metet per second) for flood and ebb flows, respectively.

c. Channel Friction. The Manning’s n friction coefficient was
computed for all diurnal discharge studies to allow calculation of
long-term velocity and discharge time histories. The following
empirical relationship relates the mean flow velocity to channel
geometry, water surface slope, and Manning ’s n:

v = 1.49 R2/3S½ , (1)

where V is the mean flow velocity in the channel, R is the hydraulic
radius of the channel , and S may be taken as the water surface slope.
Although this relationship is for steady open-channel flow, the
acceleration of tidal currents is considered sufficiently small that
the flow can be considered to be steady for short-time periods.

Manning’s n values were computed each hour for the 1972-73 and
June 1974 to February 1975 discharge measurements, and each quarter-
hour for the February to May 1975 measurements. The 1972-73 studies
were based on water level recorders placed in the bay near the channel
mouth and at the bridge. The mean Manning ’s n for those studies
increased from 0.019 in December 1972 to 0.030 in June 1973 (Sehrens ,
Watson, and Mason, in preparation, 1976). The increase in channel
friction is probably due to channel shoaling and the development of
major dune-type bed forms in many reaches of the channel . Tide gages
were relocated for the 1974-75 study s’ that friction factors could be
estimated for the entire channel, the simple, straight reach from the
bay to the bend, and the more complex section including the bend, bridge,
and most of the jetties. The n values for the 1973 study are comparable
with those of the bay to bend reach of the channel for 1974-75 shown in
Table 2. Along with stabilization of the mean cross section at near
1,000 square feet (300 meters) since June 1974, the mean n for the entire
channel has stabilized at about 0.028. The mean n for the reach from
the bay to the bend is lower, averaging about 0.025; the bend and the
reach from the bridge to the jetties averages 0.033. If the bay to bend
n and the bend to gulf n are averaged with weighting for their respective
channel lengths of 5,100 and 3,300 feet (1,554 and 1,006 meters), then the
mean n computed for the entire channel is 0.028. This close agreement
implies that the vertical control of the water level recorders is
excellent . The mean Manning’s n values presented in Table 2 are for
flow velocities greater than 0.5 foot per second (15 centimeters per
second). For flow velocities less 0.5 foot per second (15 centimeters
per second), the Manning’s n values are erratic due to much greater
relative error in measurement of tidal differential and flow velocities,
as well as inertial effects.

To determine if n values vary systematically with the mean flow
velocity , they are compared for selected diurnals (Figs. 9, 10, and 11).
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For flow veloc ities less than 1 foot per second (30 centimeters per
second) , there is no correlation between n and flow velocity, bu t for
f low velocities greater than 1 foot per second that Manning ’s n
commonly decreases with increasing velocity. This may be due to
reduction in bed form hei ght at higher f low ve loc i t i e s  or to reduction
in shear stress due to sediment mot ion on the bottom .

During the 1972-73 study period , it was observed that Manning ’s
n would u sua l ly  increase throughout a flood or ebb part of the tidal
cycle  (Behrens , Watson , and Mason , in preparation , 1976). It was
hypothesized that th is  unusual variat ion of the friction factor might
be due to the presence of major bed forms wh ich were revers ing the ir
form with the developmeit of flow during either a flood or an ebb part
of the tidal cycle. A sudden drop in friction would occur at the onset
of the new tidal cycle when flow was reversed over bed forms with
s l i p fa ces or iented  upcurrent.  This or ienta t ion produces the most
streamlined shape to the flow and thus the least downcurrent flow
separation . Model studies of the resistance to reversing flows over
movable beds have demonstrated that as veloci ty is increased , the
friction factor increases initially and then decreases as the ripples
are flattened (Bayazit, 1969). The model tests were limited by size
to the study of ripples , and the effect of reversing fl ow on larger
bed forms was not observed .

Mann ing ’s n and tidal d iffer ential are plo tted aga inst time for
each of the diurnal discharge studies for 1974-75 to examine this
phenomenon (Figs. 12 to 21). These figures show friction factor n
increasing through only about one-third of t1~e t idal cycles stud ied;
it decreases through about one-half of the cycles with no discernable
trend through the remaining one-sixth. The lack of a significant trend
similar to that observed in the 1973 study may be due to two factors :
(a) The maximum flood and ebb velocities were higher during the 1973
diurnals than during the 1974-75 diurnals and were , therefore , more
likely to produce reversals of bed forms in a single tidal cycle; and
(b) the 1- to 3-foot high (30 to 90 centimeters), dom inantly flood-
oriented sand waves occurring throughout most of the channel during
the 1974-75 study were rarely observed during the 1973 study period
when the channel bottom was characterized mostly by small , linguloid
ripples . Reversal of orientation of the sand waves was observed only
in the bend part of the channel during the 28 and 29 December 1974
diurnal study. However, Manning ’s n values increased during the flood
part but decreased during the ebb part of that diurnal .

5. Time History.

Hourly velocities and discharges from July 1974 to May 1975 were
calculated using equation (1) and measured water surface slopes,
average hydraulic radii , and friction coefficients. The results of
these computations are given in Figures 22 and 23 and Appendix 8.
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Figure 12. Tidal differential , ~-1ocity , and Manning ’s n through a
diurnal period , 19 and 20 Jun e 1974. Ebbtide period
is shaded.
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diurnal period , 25 and 26 June 1974. Ebbtide periods
are shaded.
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is shaded.
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As anticipated from t i d a l  cycle velocity measurements and the
average gulf and bay tide level di f ference , calculated flood minus ebb
discharges show a net flood which averaged 36.6 X 106 cubic feet (1 X
106 cubic meters) per day .

The resu ltant , annual net flood discharge volum e (13 X iO~ cubic
feet or 3.7 X 106 cubic meters) cannot be accounted for by evaporation ,
because it exceeds rainfall by only about 20 inches (51 centimeters)
annual l y  (Meyer , 1942), and thus could account for only about 6 X 1O9
cubic feet (1.7 X 106 cubic meters). Furthermore , Nueces River
discharge into Corpus Christi and Nueces Bays (30 X ~~ cubic feet or
8.5 X 106 cubic meters) (Collier and Hedgpeth , 1950) exceeds excess
evaporation sufficiently to maintain salinities in Corpus Christi Bay
below normal marine values except during periods of drought conditions .

Consequently, the excess flood discharge must flow through other
outlets. Two channels could act effectively in this capacity. The
Corpus Christ i  Ship Channel extends east from Corpus Christi to Port
Aransas across the northern part rsf the bay . Thus, wind tides
generated by the prevailing south-southeasterly winds could drain out
th is channel to the Gulf of Mexico . Corpus Christi Bayou connects the
northeastern corner of the bay with Aransas Bay. Southerly winds would
cause a water level differential between these bays and considerable
nor thward d ischarge could take place.

Seasonally, the excess flood discharge is greatest from July to
November (Fig. 2~). The wind setups that lead to excess flood discharges
cannot account entirely for this seasonal high , because the period of
peak onshore winds creating the bay circulation away from the pass mouth
begins sometime in March and extends only through August . However , mean
water levels are rising from July to November due to storing effects
(Wh i taker , 1971) and th is  probably accoun ts for much of the peak in
excess flooding at this time .

For shorter time intervals the amount of net discharge correlates
both with resultant wind and with lunar positions. Figure 23 shows
that over 70 percent of the short-term peaks in net flood discharge
coincide with similar peaks of onshore resultant winds. Additionally,
about 65 percent of the d ischarge peaks occurred at time intervals when
the moon was progressing from an equatorial position to a position of
maximum declination (seniidiurnal to diurnal tides). The reason for
this latter correlation is not apparent . Individual tidal cycle
discharges are shown in Appendix B.

III. SEDIMENTATION AND EROSION

I. In troduction.

The amount of .edimentation and erosion was determined from
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detailed bathymetric surveys within the channel , around the bay and gulf
mouths , and up to 8,000 feet (2 ,438 meters) from each jetty along the
gulf beach . Monthly surveys included from 19 to 24 channel cross
sections (Fig. 24) and the shorter (500 feet or 150 meters) beach
prof i les 200, 400, 800, 1 ,200, 2,000, 4,000, 6,000, and 8,000 feet (61,
211 , 244 , 366, 610, 1,219, 1 ,829, and 2,438 meters) from each jetty.
Bimonthly surveys were obtained of the bay and gulf mouths , and semiannua l
beach prof i les 2,000 feet (610 meters) long were obtained at the same
sites as the shorter , monthly profiles. Techniques are basically the
same as those used during the 1972-73 study period (Behrens , Watson , and
Mason , in preparation , 1976).

2. Gulf Beach Sedimentation.

a. Wave Climate and Longshore Transport. The most effective
processes in the beach environment are wave action and wave-generated
longshore transport . Consequently, daily visual wave observations
were made 1 mile south of Aransas Pass between September 1972 and June
1975 as part of the CERC Littoral Environment Observation (LEO) program .
These observations includ e significant wave height , wave period , angle
between shorel ine and wav e orthogonal (measured from the lef t fac ing the
ocean) , wave type , longshore current speed and direction , and w i n d s p eed
and direc tion.

Three years of data on wave climate (Table 4) show that from May
to September waves are generally small , have a short period , and come
from south of directly onshore . In other months the waves tend to be
higher , have longer periods , and come from northeast of d irectly onshore .
However , the most characteristic part of the data is the great range
of values of all parameters for almost every month . The longer period
win ter waves are general ly  more refrac ted , the generating winds being
most commonly directly alongshore ; the shorter period summer winds
commonly have a sign if icant, short-fetch sea breeze component .

Monthly and annual rates of longshore transport to the north and
south with net and gross rates in cubic yards (Table 5) were computed
using the daily visual wave observation data and methods suggested by
U.S. Army , Corps of Eng ineers , Coasta l Engin eering Research Center
(1975). Longshore transport rates for missing days were estimated as
the average of the previous day ’s rate and the following day ’s rate to
produce an adjusted rate for entire month.

The pass is located about 30 miles (48 kilometers) north of a
longshore transport convergence point on central Padre Island (Watson ,
1971). As a resul t, the net lon gshore transpor t is d i rec ted to the
south and is only about 8 percent of the gross rate.

b. Survey Results: 2,000-foot Profiles. Figures 25 to 30 show
the changes in beach volumes determined from various pairs of sequential
beach surveys and the longshore transport volumes computed from wave
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Table 4. .,t~~ ary of visual wave observat ions , Port Aransas . Texas . July 1972
to June 1975 .

Br eaker height Breaker period Breakor angle
(ft) — (degrees)

l4onth Observa tions Mean Standard Mean Standard Mean Standard
Devia tion Deviation Deviation

1972

J u l y  16 3 .1 0.8 6.0 1.2 95.4 15.6
Aug. 30 2 .1 1.4 S.4 1.2 102.6 7.2
Sept . 28 2. 4 0 .9 5 .0 0 .6 86.2 18.0
Oct . 27 1.6 1. 4 5.9 1.0 89.0 11.5
Nov . 18 2.8 1.3 6.8 1.3 84.1 4.6
Dec . 27 2.8 1 .5 7.4 1.0 85.0 6.9

1973

Jan. 28 3.0 1.5 6.9 0.7 86.4 9.7
Feb. 27 2.5 1.1 7.3 0.9 85.0 11.4
Mar. 28 2.6 0.7 7.0 0.7 85.1 9.5
Apr . 28 2.7 1.5 6.7 .12 83.8 9.S
May 26 2.5 1.5 6.5 0.7 87.9 9.1
June 18 2.2 0.8 6.4 0.7 91.4 12.0
July 2.04 1.35 7.03 1.23 94.2 6.8
Aug . 2.31 0.60 7.03 1.10 86.4 7.9
Oct . 11 2 .42 0.78 6.95 0.77 85.3 7.0
Nov . 30 3.14 0.95 6.88 0.80 88.6 8.3
Dec . 29 3.03 1.52 6.78 0.65 92.5 9.7

1974

Jan . 28 2.10 1.01 6.49 0.79 86.8 6.8
Feb . 28 2.11 1.35 6.64 0.45 91.5 6.3
Mar. 25 2 .19 0.95 6.92 0.47 90.2 5.1
Apr . 30 3.37 0.91 7.02 0.72 87.8 6.9
May 28 2.34 0.49 6.44 0.52 90.3 4.5
June 30 3.41 1.37 6.76 0.53 90.1 6.0
July 27 2 .52 0.87 6.84 1.29 96.3 4.2
Aug . 26 2.11 1 .22 5.80 0.97 93.1 5.4
Oct. 31 2.38 1.31 6.88 2.48 84.2 6.8
Sept. 37 2.47 1.41 6.44 1.71 85.7 10.1
Nov. 30 2.55 0.69 5.99 1.17 86.0 7.0
Dec . 30 2.41 1.29 6.51 1.06 92.0 11.4

1975

Jan . 31 2 . 4 3  1.02 6.74 1 .2 1 90.1 9 .8
Feb. 2S 1.84 1.00 6.50 1.23 88.9 9.2
Mar . 30 3.34 1.41 6.23 0.86 88.4 7.3
Apr . 23 2.91 0.97 6.17 1.21 86.7 3.6
May 27 2.29 1.50 5.36 2.16 92.6 7.5
Jun e 24 2.37 1.07 5 .51 0.90 96.3 8 0
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Table 5. Longshore transport rates . M ust a n g  Island , Texas .1

Date Observations m~~~~~~
2 mJh~~~Thct2 

_ _ _ _

1972

July 13 - 43.5 66.5 23.0 110 .0
Aug. 25 - 71.0 0.0 -71.0 71.0
Sept . . 28 . 28.8 65.1 •3t, .3 93.9
lkt. 26 - 22,6 43.9 .21.3 66.5
Nov . 18 .. 1.5 58.3 +S6.8 59.8
Dec . 27 — 28.4 53.7 +25.3 82.1

1973

Jan . 29 - 47.5 72.9 +25.4 120.4
Feb. 27 - 19.2 68.3 +49.1 87.5
Mar , 28 — 15.1 49.8 .34.7 64.9
Apr 30 - 59.5 55.5 - 4.0 115.0
May 26 - 38.9 27.8 -11.1 66.7
June 28 — 3 5 1  18.4 -17.5 54.3
July 28 - ~3 .2 .8 -23. 4 25.0
Aug . 26 - 11.5 23.5 +12,0 35.0
Oct. 31 - 14.7 37.8 +23. 1 52.5
Nov. 30 - 38.4 39.6 * 1.2 78.0
Dec. 29 - 82.2 30.0 -52.2 112 .2

1974

Jan. 29 - 9.0 38.9 .29.9 47.9
Feb. 28 - 28.6 12.5 -16.1 41.1
Mar. 25 — 13. 7 2.7 -11.0 16.4
Apr. 30 - 29.5 57.6 +28.1 87.1
May 29 - 13.0 6.9 - 6.1 19.9
June 30 - 31.1 38.8 * ‘.7 69.9
July 27 - 3~’.1 2.5 -34.6 39.6
Aug. 26 - 20.5 11.6 - 8.9 32.1
Sept . 29 - 39.1 61.6 +22,5 100.7
Oct. 31 - 6.5 41.0 +34,5 47.5
Dec. 29 - 45.1 11 .1 -34 (1 56.2

1975

Jan . 31 — 15 .1 41.6 .26.5 56.1
Feb. 23 — 18.1 6,9 — 11.2 25.0
Mar. 30 - 9.5 50.4 .40.9 59.9
Apr . 24 - 40.5 30.7 - 9.8 71.2

27 - 17.5 10.5 - 1.0 28.0
June 24 - 27.0 9.0 -18.0 36.0

l~ nthly Mean - 28.3 34.0 5.7 62.3

Annual Mean -329.8 396.4 66.6 726.2

1. Data fro. U.S. Ar.)’, Corps of Eng ineers , Coas t al Eng inee r ing
Research Cen ter (1975) and CERC LEO program.

2. Thousands of cubic yards.
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records for the same time intervals or from average monthly values when
insufficient wave observations were available. Volume changes for each
profile are also given in Tables 6 and T’. An arbitrary starting time
(preconstruction) was chosen as March 1972 , because jetties were under
construction and only beg inning to extend significantly into the surf
zone on this date. Since beach profiles were not taken in March 1972 ,
a composite preconstruction profile was constructed from the earliest ,
and least affected , surveyed prof i les (4,000 north and 4,000 south),
and from one profile taken on the pass centerline by the design
engineers before construction .

The beach profile data from preconstruction to June 1973 (Fig. 25)
show that net deposition on the north side (3 million cubic feet)
exceeded that on the south side (1 million cubic feet) by almost exactly
the volume of net longshore transport (1.8 million cubic feet or 51 ,000
cubic meters) for that time period . However , the high gross transport
(25.8 million cubic feet or 731 ,000 cubic meters) during that period
indicates that an efficient bar bypassing system developed shortly
after the jetties were constructed and the channel dredged (Behrens,
Watson , and Mason , in preparation , 1976).

June 1973 to June 1974 is the only period plotted with net
longshore transport directed toward the north (Fig. 27), mak ing the
north side downdrift and the south side updrift . During this period ,
net erosion (5. 2 m i l l i o n  cubic feet or 147 ,000 cub ic meters) occurred
on the north side and net deposition (2.7 million cubic feet or 76,000
cub ic  m e t e rs)  occurred on the south side. Some erosion near the south
jetty was probably due to scour by longshore currents impinging on and
being deflected seaward by the updrift jetty. Fic~ure 26 shows the
effect of north side loss during this unusual period of net northward
longshore transport .

Net transport was southward for the next survey interval (June
1974 to March 1975), and resul ted in cons iderable net depos ition on
the north side and only minor net deposition on the south side of the
pass (Fig. 28).

The relatively short survey intervals show that the jetties acted
like groins with greater accumulat ion on the updrift than on the
downdrift sides. However , data for the entire history of the pass
(March 1972 to March 1975) ,  and especially for the per iod correspond ing
to the dates of the first and last surveys (October 1972 and March 1975),
show that more sediment accumulated on the south or downdrift side of
the pass than on the north or updrift side (Figs. 29 and 30). This has
led t o  a 511 ) 111 but  measurab le  downdr i f t  o f f se t , cha r a c t e r i s t i c  of
major unjettied inlets of the Texas coast and of most jettied inlets
before jetty construction .

An explanation for this phenomenon may be in the relationship
be tween the enhanc e m e n t of flood and ebb tidal currents and the
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a l t e rna t ing  l ongshore t ransport  created by the bimodal wind system of
the region . Southerly onshore winds enhance flood currents while
genera t ing  nor thward- f lowing  longshore currents. Thu s , littoral drift
carried to inlets from the south would tend to be carried into or
through the in le ts , and beaches far ther  north would be starved . However,
north winds enhance ebb currents while generating southward-flowing
longshore currents , and littoral drift carried to inlets from the north
would be more easil y bypassed (and perhaps augmented by bay sediments)
to the beaches farther south.

It would seem to follow that if the predominant loading of the
channel was by longshore transport from the south, then the load would
be deposited primarily on the south side of the channel. This has,
ind eed , been the case sinc e early history of the pass (Behrens, Watson ,
and Mason , in preparat ion , 1976; Sec tion II , 5).

Beach profile data of the 1972-73 study period showed that at
depths of 11.1 feet (3.4 meters) south of the jetties and 11.8 feet
(3.6 meters) north of the jetties , the beach prof iles had a stable
bottom elevation with neither accretion nor etosion , al though the
bottom elevations changed both landward and seaward of these depths .
Later prof il es taken in June and December 1974 , and March 1975 , showed
no similar nodal point in elevation . This phenomenon may therefore be
coincidental.

c. Survey Results: 500-foot Profiles. Although shorter beach
profiles (App. C) do not provide an accurate estimate of quantit ies of
erosion and deposition , they do reveal some seasonal variations in
beach morphology and processes. Short-term studies by Davis and Fox
(1972, 1975) showed that the innermost bar on Mustang Island beaches
responds rapidly to increases in wave energy by increasing bar to
trough relief and by seaward migration of the bar up to 50 feet (15
meters). Davis and Fox (1972) stated , “As energy subsides there is
slow landward movement of the bar and filling of the trough” ;
furthermore , “high-energy conditions generally cause the shoreline to
retreat between 15 and 25 feet . . . with low-energy conditions
permitting the shoreline to return to its original position .” These
high-energy conditions referred to fall and winter northers, and
observations were based on daily profiles. It might be expec ted that
monthly profiles taken at random times relative to northers would show
random patterns of bar heights , depths , and positions . However ,
exam ination of time-series diagrams (App. C) reveals several patterns
of gr adual change and cons istent morphology .

The morphological elements traced were : (a) The backshore , wh ich
was wide near the jetties and narrow to almost nonexistent beyond 2,000
feet (610 meters) from them; (b) the berm crest , which may be either
sharply or poorly defined ; (c) the foreshore, of which the inner part
was steepest and the outer part commonly formed a nearly flat toe at
or just below mean sea level; (d) a trough between the toe of the
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foreshore and the first bar ; and (e) the first surf zone bar .

The least change took place on the backshore where the only major
event was the widespread growth of small dunes which began in March
1974, the first month of the year when the southeasterly wind mode
becomes dominant . A similar but more gradual development of hackshore
dunes occurred from February to April 1975. The berm crest and
foreshore were the next most stable morphological elements. The berm
crest retreated concurrently with a foreshore slope decrease or
retreat shortly after the first strong, fall northers in September 1974.
At the same time seasonal tide levels were rising rapidly (Fig. 7).

The shoreline , the foreshore toe , and the first bar did not always
move in concert , but all showed distinct tendencies to advance seaward
during falling seasonal water levels and to retreat landward during
rising seasonal ~sater levels. These trends are identified in Appen dix C
(Fi gs. C- 17 to C-32). The t endencv of offshore forms to ~i i gra~
landward (especially but not exclusively with rising seasonal tide
levels) is preval ent , hut slow offshore migrations , even during rising
tide levels , also occur (App. C, Figs . C-2l and C-31).

3. Gulf Mouth Deposition.

Contour maps of the gulf mouth region are presented in Appendix D.
In the 1972-73 study period , mapping of the gulf mouth indicated that
after initial fill of the deeply dredged channel , scour holes dev eloped
at the end of the updrift jetty during periods of strong wave action
(Behrens , Watson , and Mason , in preparation , 1976). It was hypothesized
that the holes were scoured by a combination of wave action , tidal
curren ts , and longshore currents. The scour hole at the north jetty
was 19 feet (5.8 meters) in late February 1973 (Behrens , Watson , and
Mason , in preparation , 1976); depths off the south jetty were only 4
to 6 fee t ( 1 to 2 meter s) .  Howev er , by 7 June 1973 (App . D , Fig. D-l)
the hole at the north jetty had filled to -11 feet -3.35 meters ) au 5]
northward longshore currents typical of spring conditions had scoured
a hole 15 feet (4 .6 m e t e r s )  deep at the end of the south jetty.

This pattern was repeated during 1974 and 1975 , but to a lesser
extent , perhaps reflecting tie slow filling of the pass and reduced
scouring ability of the tidal currents. On 28 June 1974 (App. D, Fig.
D-2), 5- to 6-foot (1.5 to 1.8 meters) depths were at the ends of both
jetties and no scour holes were present . This probably resulted from
the low gross longshore transport rate for May and the low net rates
for both May and June (Table 6). By 1 August 1974 (App. D, Fig. D-3)
the area around the end of the south jetty had deepened to 8 feet (2.4
meters). Due to hazardous surf conditions , the surveys on 30 September
(App . D , Fig.  D-4) and 27 Novemb er 1974 (App . D , Fig. D-5) did not
extend close enough to the jetties to determine the existence of scour
holes , al though they appeared to have been absent in September . In
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February 1975 during very calm conditi on s, an accurat e and detai led map
of the entire g u l f  mouth area including the shoal inside t h e jetties
was 1t ’ t.ul fl e d (App. 0, Fi g. h — t i ) .  A deep scour hole had furmed off the
end f the north .~ et tv ; depths of only 6 f e e t  ( 1.  8 meters ) cxi  s ted n e a r
the  s o ut h  jet ty. Winter waves and longshore currents had caused the
third gulf bar to extend southward across the mouth of the  pass seaward
of the nort h ie tt hole , and the main channel of the pass had shifted
southward. A sli ght trough had developed jus t  seaward uf the t h i r d  bar .
By 12 May 1975 (App. 0 , Fi g. 0—7) the ho le  at the end of the north jetty
h ad beco me cons ide rab ly  s m a l l e r  and shoaled to -12 feet ( -3 .7  meters) ;
the northward longshore currents of spring had scoured a hole to a depth
of 9 feet (2.7 meters ) off the south jetty . The crest of the th i rd bar ,
at a depth of t feet (1 .8  meters) , exte nded comple te ly  across the pass
mouth and the t roug h seaward of the t h i r d  bar had d isappeared .

A p lot of the data given in Table 8 (Fig. 31) shows an initial
period of predominant erosion through March 1973, followed by rapid ,
extensive deposition through June 1973. Althoug h data were not
collected between June 1973 and June 1974, subsequent data indicate that
the gulf mouth region was generally shallower than the initial condition
net deposition between 10 and 20,000 cubic yards or 7,000 to 15 ,000

cubic meters). The on1~- exception to this trend was in February 1975 ,
when the large scour hole adjacent to the north jetty and the deep
channel through the third bar contributed to a sli ght net eros ion .

Although the volumetric changes within this region are small , the
bathymetry changes continually with a deep hole usually found at the
north j e t t y  dur ing w in t e r , at the sou th j et t y dur in g summer , and
transitional forms occurring during fall and spring.

4. Baymouth and Flood Tida l Delta.

Contour maps (App. E) derived from the approximately bimonthly bay-
mouth surveys were used to graphica lly compute erosion and deposition
volumes (Table 9; F i g. 32 ) .

I t u r i n g  the 1972-73 study peried the con t rolling depth decreased from
8 to 2 feet  (2 .  1 to 0.6 meters )  ; about 63 ,000 cub ic  ya rds (48 ,000 cub i c
meters) of sediment were deposited (Behrens , Watson , and Mason , in prep-
aration , l97t ) in the form of a simple , sing le-lobed flood ramp . Between
May 1973 and August I r I  the s m a l l  r e m a i n i n g  channel  from the f lood ramp
t I the hay disappeared , and a broad li p less than 2 feet (0.6 meter) deep
became continuous aroun d the ramp (App. E , Fi gs. F-i and E-2) . A sha l l ow
( 2 to 3 f e e t ;  0.6 to 1 m e t e r )  channel  re formed across the l i p  from October
t November , and a shoal le ss than 2 feet deep subsequently persisted
aroun d the flood r amp . Until this channel reformed , the flood ramp devel-
oped symmetrically ilon g an e\ten ion of the channel axis across the approx-
imately 1 ,000-foot-wide (300 meters) sa:ul tlat between the shoreline and the
open hay . l)uring the winter , the s e d i m e n t  carried to the distal end of the
ramp through this channel was deflect ed southward by northerly wind-

~euut r:tted waves unt ii by anuua ry the end had curved about 300 feet
(100 ‘iiet er J to the uth and remained curved ~~ti l the end of the study
period.
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Table 8. Gulf mouth erosion-deposition

Date Erosion-deposition Cumulative
(ft3) (yd 3)

1972

15 Sept . +121 ,2001 + 4 , 500

26 Nov . _675,2002 -20,500

22 Dec . +356,400 - 7,300

1973

29 Jan. -672,400 -32 ,200

28 Feb . +547,600 -11 ,900

5 Apr . +595,400 + 2,700

16 May +121 ,200 + 7,200

7 June +217,560 +15,250

1974

28 June -199,560 + 6,400

1 Aug . +491,900 +10,200

30 Sept. + 91,600 +13,600

21 Nov . -467,000 - 3,700
1975

10 Feb . +447,200 +12 ,900

1. Deposition (+)
~

2. Erosion (-).
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Table 9. Baymouth erosion-deposition .

Date Erosion-dçposition Cumulative
(ft~’) (yd3)

1972

21 July ÷999,4001 37,000

16 Oct. _l 21,0002 +32,500

27 Nov . -338,200 +20,000

18 Dec. +417,800 +35,400

1973

26 Jan . +898,400 +68,750

7 Mar. -937,200 +34,000

12 Apr . +784,800 +63,200

16 May -209,600 +55,300

1974

13 Aug . -119,800 +50,900

1 Oct. +145,600 +60,000

15 Nov . -193,400 +53,000

1975

13 Feb . -402,600 +37,900

1. Deposition (+)
~

2 . Erosion (- i ,
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1 1 e rran t h d eposit o ut  (1 ~ g . 32 ) sh oi ~ t o i l  y lat e w in t er
19 3 , he f l o o d  I del de 1 a lied appa u-cut ti c fi I l ed  t o  ap p r u x  i t o u t  e I y
c lOt Ii h ri urn di men ; i o n ; I i t  e r  f i  ii . t O ;  i n s  in sed i - -  n vo 1 time Se e n ,  T 0
c ore le t  o w i t  Ii nc t I I nod flow ne ;u~~t i r ed  h i t - i n c  the I 974—7 5 sT u dv p e r t  od
( Fig. 32 1 . Inc 0 as j n g ne t ( n d  f l o w  s Ic coui~) en i d b i n c  n e u  s i ii bee —
ant  • depos t i on ; decrees i ng 1 (n od  II oS 5 accOi ;lIJafl i cii  by hlilv i i t  :~
m s  I on.

~V i  thin the urea ~ irveveLl , s h o r t - I i i i . rd no ~ v n e d  l oom ) to 250
f t  (1~ to h u t  e r o )  wi th the most rapid rate occurring from I 0tob er
to Dc- ember I up to 1 foot or 0.3 meter per day

I’ comp .i r i son of Par shore I inc moveneni s det erm m e d  lv  acm ial phot r~

in ro und -~u rvevs beyond th e arei used for l;u mot ’ y e :  ur ic _ hangcs
I \~ p • F , Fig. 1 — 1 ) showed that cnni s i d e r a h i e  e ros ion  in the bacmot .it I;
e L iot is not included in the area used to let erm ine flood tid a l delta

~ol ;ine i  r ic chan ce— (Fig . 33) . Therefore , in estimate of this erosion
W a S  tale f r I l l ]  hathyinei t ic and ciu l aerlal cu i r v e~~ taken e a r l y  in  h~ fir ~t
-t  ~iav  year (Table 10) - The results show two things. First , the average
dad ly rate of shoreline erosion is l~~~~~t t w i c e  as much for p t r i o d ~ of
dominantly winter months (C)ctoh r to t orch) as for periods with more

~ imn er m o n t h s  (April to October) . This is not surprising b ecause  iii .
winter northerly wind s are onshore and the suimner southeasterly winds
are offshore for t h e  (say shoreline. Second , except for  season a l

• vari ations , t he  volum i n c  rates of erosion have not changed ap ( rec i a l l y
th ro ui gh i i t  the ~tudv no u- i od . Thus , the decreasing rate of shorel inc
r e t r e a t  does n i t i n d i c a t e a d ecre a s i n g ra te of erosion , hut rather that
hi ghe r e l e v ; u t  i o n s  of spo i l  hank and natural dunes are being eroded and
more m a t  eria l must he removed with each increment of shoreline ret re t.

The form a t ion of the simple flood tidal delta makes both tidal and
bar b y p a s s i n g  eff e ctive a t  the bay mouth. The outer lip of the flood
ramp reestablished a continuous shoal at the outer part of the sandflat
so tha t alongshore sed im -n t transport was not interrupted in t ha t  region .
On the inner part 0 the sandflat and along the  shoreline , litt o r a l
drift was carried into t i t  channel , and the flood dominance of the tidal
rii rr -nu t s  cu rried t i e  material out along the flood ramp where it was
pic~ d up and dispersed -i~’ain on the nearshore bars and troughs.
A l t h o ugh t h i s  m a t e r i a l  o r - e n t e r e d  the t enera l  system , it w;i~ removed from
the immedi ate v i c i n i t y  of the  ha ro l t i ; s h o r e l i n e .  ftuus, he flo od—
domina t ed  c u r r e n t s  in t h e  channel at the bay shoreline continuousl y
remove bay shore m a t e r i a l s  ( i . e . ,  act as a sink for them) and per m i t
con tinuous shorel inc erosion in that region.

The opening of the bay shoreline into a funne l  shape may also have
r unt ri l i t  ed t o  the m i t  i -i l i no reu se in the v o l u m e t r i c  rate of erosion .

~1~~~t mater ia l eroded from the shoreline was probabl y carried nlongshore
by wave act ion rat 1: -i titan offshore  across the broad sendf l:i t ~. Since
the longshore t ransport rate is directl y proportional to the product of
the sine and cosine of the angle of incidence of the waves w i t h  t he
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Table  10 . B aymouth s h o r e l i n e  erosion . 1

Inte rv al Chan ge C u m u l a t i v e  Yd 3/d

Ju ly  to Dec . 72 - 5 ,32~ - 5 ,325 43

- 72 to ~‘1av 73 —1 3 ,709 —19 , 025 83

~h u v  73 to Aug . 7-1 -20 , 900 -39 ,925 46

Aug . 74 to Feb . 75 -1 1 ,000 -53 ,925 78

Feb . 75 to May 75 - 8,000 -61 ,925 89

1. From shoreline and subaerial data exclusive of baymouth
survey data (see Fig. 33).
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$ sh o r e l i n e , t b -  chan ge in shoreline ori i-n tat ion i r o n  t he  i n i t i a l  r i g h t —
ang le junction w ith the channel marg in t o  a funnel-shaped channel
entrance at an a n g l e  I f  about 45 0 to the open hay increased the
longshore component of wave ~uwer to a maximum .

5 . Channe l

a .  L o n g — T e r m  Changes . In t he l t7 2~ 73 s t u l v  ‘he  c h a n n e l  a n a l y s i s
w a s  subd iv ided  i n t l  s i x  morp holo gical ly di °t in ct :one~ w h i c h  r e sp ondcd
di ii ~ent lv to sed i mentolo p ic al contr ols (see Fig . 2 1 for locations and
eAtent ). The volume of wi t e r between the Oott- ; c :ut our s and +0 .8 foot
M-! . (2-1 centimeters) in each Lone was compu ted fri each —u rv ey to
determine deposit ion and erosion.

B y June 1975 , zone  I w a s  w ithin 2 ,000 c u b  i c  yard - (1 .500 c u b i c
me ters) of i ts o r i g inal d redged volume and almo st never differed from
th i s ( t v more t han 5 ,000 cubic ard s (3,800 cubic met er- :) (Fig. 5 1 ) .

Deposi t ional peaks occurred i n  winter (lanuarv to i~bi n c h )  w h e n  n o r t h
wind s blow i n g  onto  t h e  b i ~’ sho re c a u s e d  h i g h l o n g sh o r e  t r ; ir ’w r i  r a t e s

and increased  ebb discharges which prevented material tr a n r i r ted to
the unjettied entrance from efficiently returning I t h e  b u y  surf zone
v i a  t he  f lood  ramp . However , in  summer , t h e  hay l on g sh o r c  T m  r i— port
was nearly :ero, and flood dominance produced erosiona l ;e i k s.

:one II had the most uniform cross section , a t r a p e z o i d  t h e  s m a l l e r
base if which rose and fell to account for most of the -rr-dtu tucnt
accumulation or erosion. Zone TI had the  large st volum e , and t h e
changes which correspond almost exact ly to changes in t h e  ent i re  channe l ,
w i l l  h e d i scussed  l a t e r  in  t h i s  s ec t i on .

one 111 (channel bend) reflects many of the short-term (monthly)
cIi ;tni ’cs of the entire channel and zone TI. However , a major  m o d i f i c a t i o n
c o n t r o l l e d  m i t ch  of i t s  behavior from mid-1974 to mid-1975. since the
opening of the pass u n t i l  m i d - 1 9 7 4  the bend behaved as a meander ,
m i g r a t i n g  s o u t h w e s t w a r d  b y e rod ing  i t s  outer  bank . Th~ erosion
tnu len gered a gas p i p e l i n e , requiring the Texas Parks and Wildli fe
Department to fill in the eroded part and bulkhead the southwest hank
in .June and Jul y 197-1 . This zone subsequently remained quite stable ,
generall c less than 3 ,000 cubic y~~~-~~c (2 ,300 cubic meters) difference
from i ts origin a l dredged volume .

Ini tia lly, the  sma l l  b r id ge sec t ion of zone IV compensated for its
narrowness by dee p eni n g and erodi n g uh ou t 2 r)00 cubic yard s (1 ,500
cubic meters). This volume rema i ned un til April 197-1 whu n a gradual
-;h oril ing began which red uced the volume to about the origina l level by
August 1974. A very slight shoal ing trend has continued since then
(Fig. 35).

Nea r the gu l f  mou th  t h e r e was a seasonal effect opposite to that
at the bay mouth. Zone V shows erosional peaks (or depositional lows)
in winter and depo sitiona l peaks in summer and fall (Fig. 35). This
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was probably a simple response to greater sediment supply from the gulf
during periods of floodtide dominance , and a scouring of the channel
or decreased littoral drift supply during northers .

Zone V broadened from about 200 feet (60 meters ) to over 350 feet
(100 meters) and shoaled with a broad , cen t ral sandbar and marg inal
channe ls  (F i g . 35). These drastic changes in the morphology of this
reach of the channel were apparently caused by direction of ebb flow
by the bend bulkhead and by the flow constriction produced by the
r i p r a p  at the inner end of the north jetty (X19). Immediately after
cons t ru ct ion of the bend bu lkhead , the thaiweg of the channel west cif
the brid ge was i n the  cen ter of the channel  and ebb f low was direc ted
stra ight through the brid ge (Fig. 36, A). However , by April 1975 the
th a lw e g  in the bend area migrated to its present position alongside of
the bulkhead (Fig. 36, B) . This o r i en ta t ion and the br idge  posi t ion
forced ebb flow to impinge on the north bank in zone V (Fig. 36 , B),
which caused severe north bank erosion and formation of an ebb channel
ad j acent to the bank . Flood currents constrained along the north jetty
by the la rge sand shoal adjacent  to the south j e t t y  were then deflected
b y the riprap at the landward end of the north  j e t t y  toward the south
bank of zone V where they main ta ined  a smal l  channel rather than
making  a sha rp turn  into the ebb channel .

The problem can probably be corrected either by construct ion of a
bulkhead or a s ingle short groin seaward of the bridge on the north
side of the channel to reorient the ebb flow into the center of the
c h a n n e l .  This would prevent north bank erosion , erod e a new channel
th rough the  center channel shoal , and probabl y provide a new path for
f loodf low such t hat south bank erosion would cease .

The most striking change in zone VI was the growth of a large sand
shoal adjacent to the south jetty which filled about half of the
original channel. This change is detailed in discussions on gu lf
beaches , gulf mouth , and inlet stability by Behrens, Watson , and Mason
(in preparation , 1976).

b. Entire Channel. In the 1972-73 study, erosion and deposition
in the entire channel correlated closely with waxing and waning
seasonal t idal ranges , respectively, and deposition was strongly
enhanced by hi gh gulf surf conditions. The survey data were compared
to predicted monthly mean tidal parameters (e.g., diurnal t idal ranges
or ma ximum monthly range). Howeve r , short-term fluctuations in tidal
ranges ( e . g . ,  from d iu rna l  to semid iu rna l )  are larger than the seasonal
va r i a t i ons , and monthly surveys taken at random times relative to lunar
positions will show more short-term scatter than long-term trends.
Unfortunately, this was not realized until data analysis was well
underway. Therefore, monthly erosion-deposition data were compared
with differences in predicted daily tidal ranges between each pair of
successive survey dates (Fig. 37).
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th e rt ;u l :s sh iw tha t peak ; in tidal range co rr el ite c r y  w I - i l
-
~ n p e a k s  i n  e ro s i o n  ( e sp e c i a l l y  April and October 1973; • T u n u u i I l r y  197 -1)
ii~d 1 ., t i .lal rang es correl u~ e we l l  w i t h  peaks of d et o s i t  ion (e~pec jail y

\ IV -‘p hI - r •uu d t l e c embe r  1973; Feb ruua my and I - n L t  ember 197-1 ) -
I r t  h m ire  • w h e n  t h e s e  cor— el - I t  ions ire  poor , t he re  is U S u a l l y  an

o b v i o u s  gu l l - - u i r f e f f e c t , e. g . ,  t h e  c o i n c i d e n c e  of d e p o s i t i o n a l  ; ea ~~~
w i t h  h i  g l u - - sun - f c o n d i t  i on s  in J u l y  197-1 and ;Lpri  1 1975 and co inc  i J e n ~ e
o f  eros i n t I a l  p ei~ s w i t h  l ow - s u r f  c o n d i t i o n s  in  June 197-1 and ~1arch 1975 .
It  $ppn-ar s t h a t  d u r i n g  per iods  when each t i d a l  d i s c h a r g e  was l ess  than
t h e  p reced ing  one ( w i n i n g  r an g e )  there was less  sed iment  moved with
each succeed ing c y c l e , t h u s  more remained behind ( i . e . ,  depos i t ed ) .
Coru~- er selv , d u r i n g  w a x i n g  r a n g e s  each succeeding  d i scha rge  was greater ,
cou ld  c a r r y  more sediment , and thus eroded t h e  c h a n n e l .

In a d d i t i o n  t i  t h e se  s h o r t - t e r m  e f f - ~ t s , t he  t rend seems to have
c~i :tni i~ -d from a s low , net erosional  phase from 1972 through the f a l l  or
w inter of 1973 to a l o n g - t e r m , net d e p o s i t i o na l  phase in 1974 and 1975
( f i g .  38).

C o r r e l a t i o n s  for t h i s  p ;ittern were sought in l o n g - t e r m  t rends  in
breaker  h e i g ht , computed longshore  t ranspor t  r a t e , observed longshore
cu r r e n t  speed , nor ther ly  wind frequency , and annual r a i n f a l l .  Two
par a llel trends were found (Fig. 39) . Annual  r a i n f a l l  was hi gh at the
beginning of the stud y and increased while the channel expanded in
19 3. flecu- else s from wet to normal to almost dry condition s throug h
197-1 and l97~ dimin ished runoff enhancement of ebbtide scouring
capacit y and c o r r e l a t e  w i t h  the period of channel filling.

( ) h s - r v c d  gross longshore  current  speeds a l so  pa ra l l e l  sedimentation
b y dec reas ing  d u r i n g  channe l  erosion and i nc reas ing  dur ing  channe l
f i l l i n g  (F i g.  39) . An exp l a n a t i o n  for t h i s  c o r r e l a t i o n  m i g h t  he that
f a s t e r  l o n g s t u - r e  cu r r en t s  ca r ry  more sediment  to the  channel  mou th .
I f  t h i s  is T rue , a more d i r e c t  measure of p o t e n t i a l  sediment supp l y ,
computed longshore t ranspor t  ra te S  should a l so  show this correlation .

I O I I I V I r , the  r a t e s  do not show the cor re la t ion , and it remains
unex p l a i n e d  at t h i s  t i m e .

c. Short -Term Cha~~~~ . Weekly  cha nnel  surveys were made from 29
October to 25 November 1974 to evaluate the magnitude of short-term
e ros ion -depos i t i on  responses t o  environmental variables. The diurnal
t idal  ranges , r e su l t an t  onshore winds , luna r posi t ions , gu l f  wa ve
h e i g h t s , and d a i l y  d ischarges  a re p l o t t e d  on Figure 40 .

D u r i n g  the  b e g i n n i n g  of t h e  f i r s t  study period (29 October to 5
November two opposing conditions existed : (a) Two days of hi gh g u l f
waves favoring depos ition ; and (h) tidal ranges waxing from sem idi urnal
t o  d iurnal and favoring ct-orion . Thus , li ttle net effect mi ght he
expec~ ed L it tle further change mi ght also have been predicted because
t idal ranges , al t hough predic ted to wane toward another semidiurnal tide
in the next week . -i~ tu al1 v stayed hig h to the end of the period ,
probably because of wind tid y effect - of an intense norther on 4
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- \ l t e r u u : u t t -  s t u d y  pe r iods  are shaded .  T ida l  r u u l g i - s  u i -c
f rom CC~l ( (; gul f e~ ge : di ~ ~h a r g i - are computed t r em
gui I and hay  gage d;i ’ a ;  w i n d  d a t a  are f r o m  Corpus  C hr i s t  i
gu l f  waves a r t -  f rom dai  ly  beach ; i h s t - r v a t  ions ( p e r i o d s  ~ t

mt when w a v e s  u s e r e  h i g her t h a n  1 m e t e r  i r e  I u i u i ~~~u ; t u l  l v
lin ed) ; and l u n a r  dat i Ii - e t r o n i  \ i t  i o n a l  O c c a u u i c  and
\ t I n s s p I : I - n  i c  A d m i n i s t r a t i o n  ( 1 9 7 2 — 7 5 ) .
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• , - - - n T : I I - r  h o w e v e r , t he n o t - t h o r  pro l ’ict- d a ~-t t u b  t i d a l  d i s c f u a r g - 1
II i) n u u l l i o n  cu t ’i c  I I I  t (2 m i i i  ion c u - i c  flt - t e I s )  w h i c h  should  h i v e  moved

t f  i n e i f t  in  i l i e  channel gui twa rd . A p p a r e n t  ly  C1 S was Cu- case (fig.
-11 , 

~~) • 
s i n c e  mat- - v i a l u - r o i l e d  f rom :o~o-s I nd 11 Wa S deposit ed in zones

T I E  ‘ — VI. N t  c r 0 -ion of 5,000 cub ic  y a r l - - (3 , 800 cubic met .~-rs)
i tid i : ~ t es he I n r a  par i v of ii :n - shore 1 ong shore t ran sp r - rt o rep 1 ic C-
m;er vi a l r e m u v e i  r apid  l v  f rom I he bay end of t he c h a n n e l  -

In  t h e  second period (5 t o  ii Nt v -r~her; fig.  41 , B) appar ently
he Op j u o s  it e sed i men t :n -~~ op - n u t  t et ’~ p l a c e  a s  th e r e  was eros ion in  zones

i t  , V . and VI and deposi t  ion in z o n e s  I , I I , and I I I  w i t h  a I i  r~e net
d e i u i l S i t i n r i  of over 3(i , 000 c u b i c  ya rds (28 , 000 cub ic  m e t e r s ) .  i ) e p o s i t i o n
i s i S  hig hl y f av o r e d  d u r i n g  t h e  f i r - - u  p a r t  of t h I -  p e r i o d  when  wa n ing t ida l
I - I n c e - ~ c o i n c i d e d  w i t h  3 d ay s  of gnu I isaco height s over 3. ~ f e r n  ( I
- - t i t e r )  . -\ mass of sedi m ent p r oh a i 1\- moved i n t o  t he  g u l f  end i f t h e  pass
at  (na t  t i m e  and w a - - su b s e q u e n t l y  car r i e d  hayward hr  f l o o d - d o m i n a t e d
tides Iflood exceeded ebb (~v ab o u t  52 m i l l i o n  cubic fcu- t ( 1 . 5  m i l l i o n
i I i t I i C  me ters) per due) : low -w avu condi r ions did not  en ibic much sand
I -  - nut er r e  c h a n n e l  the las t 2 da~~ i f  t h e  period .

In h~ t h i r d  ~ r nod ( 1 1  to  18 ~ o v c m i h e - r  F i g .  11 , C) tidal ranges
ts e re  high dur i1h~ the - first t days  and then  waned I u -  l a s t  3 d ay s  - Tw o

days of gulf w;iv ’-s over 7 .3 f e e t  (1 me te r )  dur ing  t h e  wan ing  par t  if
the  per iod should have caused sedim entat ion in the  pass , ~ t it there was
net eros ion of u h o n u t  17 , 000 cub ic  y a r d s  (13 , 000 cubic  m e t e r s ) .  The
net  e ros ion  p r o h : i h l y  r e s u l t e d  from t r a n s p o r t  of t h e  m a t e r i a l  deposi t ed
in :ones I , I I , and I l l  d u r i n g  tine prev ious  period t o  the f lood t i d a l
eel t i  - ‘i t  (;1 same t i m e , n i t c-ri il from t n c - surf zone is - being

i ted it t ui- c~u ul f me lt  H Flood d o m i n a n c e  averaged 2 mu I I  ion cubic
feet  (0 .68 m i l l  ion c u b i c  m e t e r - A  per d a y .

T i d e -  d u r i n g  the l i s t  p - r  iod (18 to  25 Novcni be’r: F i g .  41 , D) were
I i~ ~- t h o s e  of t h e  S I - c o n d , i n  t h a t  f i r s t  w a n i n g  t hen  w a x i n g  t i d a l  ranges
b r i c k - t e d  a l u n s - n i m p l i t u d e , s e m i d i u i r r n a i  t i d e .  However , l ow  gulf  w a v e s

e r s n  - t e d  t h r o u g hout  t h e  per iod , and w i n d s  were more onshore lead
t o  g r e a t e r  f l ood  d o m i n a n c e  t r Io  in  t h e  p r e c e d i n g  per iod  (5 1 m i l l i o n

c f t  ct  or 1 .4 m i l l i o n  cubic - i t t  e r s )  . h u s e q u e n t  ly  , t I n -  mat t r i a l
dope-; i ed in  the  g u l f  end of t h e  ch an r t - 1 d u r i n g  t h e  prey  ious  1er io d
isiS 1 1 t & - u i t  ly  d i s t r i b u t e d  hayward t urciui’luoui t the rest  of t h e  pass
r e s u l t i n g  in on l y  a sma l l  fl t - t  e r o s i on (2 . 100 cubic vard n- or 1 ,800 cubic
m e t e r s ) .

These sh o r t  —te rm -- t  udies n i t  o n l y  support the  gene r a l  co r r e l a t i ons
if  depos ition w i t h  h i g h  g u l f  wj e e s  and wan ing  t i d a l  ranges and erosion

w i l l  wa xin g tidal rungi- c , but il so show some of the- I- -ta iled movement
i t  sedi ment from one z one’  to another w i t h i n  t i e -  channel  and how the
direct ion of ‘~ t e n t - n t  correlates with the wi n u—a ff e cted discharge

v mmt- t  r y .  The l a r g e  m a g n i t u d e  of th e  changes i l l u s t r a t e s  the
Import ance of basing longer o h c u - r v a t  ions  on s u r v e y- ;  made d u r i n g
equ i val -n u parts of the m o n t h l y  lunar t idal cycle and of strict
- i ~ t e n t i o n to shoit-ferm wave c li m ate .
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IV, INLET STABILITY CONSIDERATIONS

1. Introduction.

The fac to rs  con t ro l l ing  in l e t  s t a b i l i t y  include : (a) bed ma te r i a l
s i z e ;  (h) t i d a l  p r i sm ; (c) longshore  sediment  t r anspo r t  r a t e ;  (d) wave
c h a r a c t e r ic t i c s ;  (e) i n l e t  and hay geometry ; and (f) f lood- to -ebb
current ra t io . Parameters of several of these var iables  have been
compared to see i f  cons i s ten t  r e l a t i onsh i ps correlate  wi th  equ i l ib r ium
condi t ions  at apparent ly  s tab le  i n l e t s .

2 . Tidal Pr i sm-Cross -Sec t iona l  Area Re la t ionsh i ps.

To det e rmi ne whether or not difference s exist between the tida l
prism-inle t area relat i onshi ps for inle ts on the Atlantic, gulf , and
P a c i f i c  coasts of the Uni ted Sta tes , Jarrett (1976) used and supple-
mented data of O’Brien (1931) to form empirical relationshi ps of:

A = Cp n ,

where A is the minimum cross-sectional area below MSL in square feet ,
P is the spring tidal prism in cubic feet , and C and n are constants
which differ for all inlets , unjettied and sing le— jettied inlets , and
tw i n - j e t t i e d  in l e t s .  Furthermore , he grouped Paci f ic , A t l a n t i c , and
g u l f  coast in le t s  separate ly .

To determine if the pass conformed to one of these re la t ionships ,
spring t i d a l  pr i sms were used to c a l c u l a t e  minimu m areas according to
each equation (Table 11). Two spring tidal prisms were used : (a) The
average va lue  for the prisms measured during spring tides incl~ded in
the diurnal discharge studies (49 X 106 cubic feet or 1.4 X 10 cubic
meters); and (b) the average maximum monthly prism computed from tide
gage records (75 X 106 cubic feet or 2.1 X 106 cubic meters). The
difference results from the lack of coincidence of the measured spring-
tides and maximum lunar declinations. The minimum monthly cross section
(731 square feet or 68 square meters) is the average of all those

measured , and this varies from less than 300 to  over 1,000 square fee t
(28 to 93 square meters).

The comparisons show that the pass most nearly fits Jarrett ’s
(1976) r e l a t i o n s h i p  for all unjettied inlets , and that the minimum
cross-sectional area seems to be much less than an equilibrium value .
Thc- similarity to unjettied inlets is reasonable , because the short
jetties do not cross the entire surc zone , surf processes are not
excluded from the pass mouth region , and the entire inlet is not lined
w i t h j e t t i e s .

3. Comparisons with Other Empirical R e l a t i o n s h i p s .

Flarwood (1973) found that for Pass Cavallo , Texas , and other Texas
inlets that the ratio of maximum discharge to channel length ranged from
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p.-

4 to 7 square tt ’e t per  second (0. 3~ tO O .~iS square met ers p&- i second)
afld t h a t  l o n g e r  r e l a t  ive ch a n n e l  l c - n g t h - - t ended  to  shoa l . W i t h  a
max imum d i s c h a r g e  of 2 ,~~00 C U h I L  fee t  per second (7 1 cu b i c  m e t e r s  per
second) and a c h an n e l  l e n g t h  of ’ 10 , 000 fee t  13 , 0 l~ m ’- 1 i r s )  , t h e  r a t i o
fo r  the w a t e r  e~~~h an ge  ~~~~ 

is fl .2 ~ and  t h u s  t h e  pass nay he u n s t a b l e ,
with shoaling tendencies .

Bruun and Gerrit sen (1960) and Bruun (1006) related inlet stabil ity
t I  the rat lOS between annual g ro ss  lit I o n - a l  d r i f t  r a t e , M , and maximu m
d i s c h a r g e , Qmax ’ and bet ween spring ti d al prism and maximum discharge
as f o 1  l o w s :

- ‘ (~~~~~~~~~ grea ter tha n 200 to 300 i m p l i e s bar b y p a s s i n g ;

less  than  10 to  2 5 ) impl ies  t i d a l  by p a s s i n g ;

whe re ~1 is the annua l g ross littoral drift (cubic feet per year) and

Qmax is the maximum di schar ge (cubic feet per second) . From Section
111 , 2 , the annual gross litt or al drift rate at the w a t e r  exchange pass
is about 19.5 million cubic feet per year (55 million cubic meters) .
‘i:uximum spring tidal discharge is about 2,000 to 2,500 cubic feet per
sec ond (57 to 71 cubic mi — I ers per second) yielding a M/Qmax ratio of
about 7,700 indicating that the pass is strong ly bar bypassing.
Similarly, Bruun and (errit sr-un (Idno) found that the ratio Q ~~~
greater than 0.01 implied st a bility; a ratio of less than 0.~~ implied
instabi lit y . The Qmax’~ 

ratio for the pass in ; 1. 3 X lO-~ implying that
the pass is highly unstable with regard to shoaling by littoral drift .
Bruun and Gerritsen also defined stability on the basis of the ratio
between spring tidal prism , (1, and a n n u a l  littora l drift as follows:

S’l/2M greater than 300, highly stable;

cz/.~,-i less than 100 , unstable and barred .

This rat io for the water exchange pass is 1.26 indicating instability.
It is suggested th at although the ratio of spring tida l prism and
d i scha rge to the  l i t t o r a l  d r i f t  r a t e  sugges t s  extreme i n s t a b i l i t y ,  the
pass has remained open because i t  is partially proteeted from the
l i t t o ra l  d r i f t  by short j e t t i es . If t he  bea ches were to accrete
seaward to t he ends of the j e t t i e s  so tha t  they no longer  f u n c t i o n e d .
the pass would probabl y close immediately.

Regardless of the tida l prism and maximum discharge , t he f 1~~
v e l o c i t y  and channe l  dimension s must he such that the bottom shear
s t re s s  is  adequate  to i n i t i a t e  and s u s t a i n  s e d i m e n t  t r a nsp o r t  or t h e
pass w i l l  not he s e l f - s c o u r i n g . Bruun and G e r r i t s e n  (19011 )  s n u g g e s t  t h a t
t h e  m i n i m u m  shear s t ress  s h o u l d  he 0. 09 2 to  5 ) . 103 pounu s p e r  sq u ar e I ( y I t

(44 to SO dynes per square c e n t i m e t e r ) .  A s su m i n g  :1 ma ximum mean velocity
of 2 feet per second (61 centim eters per s e c o n d ) ,  h y d r a u l i c  radius -1 .70
feet (145 cen timc ters) ~l ; I l u n i n ~~’ s n of 0. 028, and th e tIIll o w i n - g
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relationship for shear stress:

- 
2 9 . 0  fl 2 Vmax 2

0

the maximum shear stress is equal to 0.075 pounds per 5q4.arc foot which
is less than the minimum required for marg inal stability.

- 1 . l ; sc o f f ie r t ) i a g r a m _Ana ly s i s .

Escoffier (19-10) presented a uni que concept of inlet stability,
relatin g the maximum mean veloc i ty  in the channel to the cross-sect ional
f l o w area for a given spring tidal prism (Fig. 42). Above a critical
area . A~ , a reduction in cross-sectional area is accompanied by an
increase in velocit y , and the section tends to be self-scouring . Below
the critical area a decrease in cross section results in a further
decrease in flow velocity with closure as a result. If the initial or
equilibrium area is far to the right of the critical area , the pass
can support considerable shoaling during periods of reduced tidal flow
or excessive longshore transport , since with the next spring tidal
pr ism , flow velocit y will increase and scour the ~n !et . O’Brien and
Dean (1072) utilized the tidal prism-cross-sectional area relationships
of O’Brien (1969) and the inlet hydraulics of Keulegan (1967) to define
a method to produce the Escoffier diagram for real inlets. They also
developed relationships to compute additional curves to indicate the
stability of a pass which is undergoing cross- ;ect ional area reduction
along any c h a n n e l  l e n g t h , Al. This enables one to start with an
equilibrium cross-sect i onal area and evaluate the effect of hypothetical
shoaling on the ability of the inlet to remain self-scouring. Finally,
O’Brien and Dean (1972) defined a stability index , ~ , as:

= v -v ~3dA
~~max t’ c ’

c

where Vmax is the maximum mean velocity from the Escoffier diagram , Vt
is the threshold velocit y to erode the pass sediment , Ac is the pass
minimum cross-sectional area , A~ is the critical area previously defined,
and Ace is the equilibrium cross section defined by O’Br ien ’s
relationshi p or through measurement of the prototype.

Although the equations used for the calculation of a stability
curve were developed for the simp lified system of a bay with a single
inlet , the method was attempted to see what empirical relat ionships
might exist between its predictions and the observed behavior of the
pass .

In construction of an I scoffier diagram the ordinate , ~~~~ is
calculated from :
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Fi gure  42 .  I l l u s t r a t i o n  of E s c o f f i e r ’ s s t a b i l i t y  concept
(after O’Brien and Dean , 1972).
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p.-

\• - y  2~~ a0~~~max — max I A

I = d i u r n a l  t i d a l  peri.od (89 , 280 seconds)

a0 = ocean tidal amplitude measured at the  CCl~EP G g u l f  gage
(mean = 0.717 foot ; diurnal = 1.3 feet )

= minimum cross-sectional area plo t t ed  on t h e  absc issa
(square  f eet

A1) = e f fe c t i v e  hay  area c a l c u l a t e d  from t h e  d iu rna l  t i d a l
p r i sm (75X l0 0 cub ic  f ee t )  d i v i d e d  by the  d i u r n a l  hay
t i d a l  range (0.~~9 feet) equals 95Xl0

6 square feet .

i he  b ay  tidal range and thus the effective hay area are governed by the
t i d a l  flow- at the  much l a rge r  Aran sas  Pass .  Therefore  t hey  are more
independent variables and satisfy the necessary assumption that Ab
remains  cons tan t  as the  channe l  cross s e c ti o n  changes be t t e r  than in
the  case of :i s ing le  in l e t .

V~ ax is -de te rmined  g raph ic  i l ly  (O’ B r i en and Dean , 1972 , F i g .  3)
from i t s  r e l a t i o n  t i the Keulegan repletion coefficient , K , where

K = 

~~~~~ 

_ _

= mean of over  2 y ea r s  of mon th ly  average s of cross—
sI -~~t ional  area ( 1 , 061 square f e e t )

g = acceleration due to gravity (32.2 feet per second)

k = pa rame te r  of cro ’- ’s- s e c t i o n al  area reduction equals
A c divided by ~C e

f = li- ircy..~~- i sh a c h  f r i c t i o n  f a c t o r  = 116 ~ (0.0 54 for n 0 .028)

= equi lih rium hydraulic radius (mean of over 2 y e a r s  of
m o n t h l y  means  = 4 . 7 6  f ee t)

= length of channel between tide gages (8,900 feet)

Ke = c o e f f i c i e n t s  of head losses due to acce le ra t ion  of f low
at channel irregularities such as the entrances , brid ge ,
and h~ nd (5)

The Keulegan re p l t i o r n  coefficient can also be estimated independently
from tidal records g iv ing the tim elag (

~
) be tween  hi gh or low water and

the following slacL For diurnal tides at the pass this averaged 5.4
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hours i l r  790 which is equival ent t o  K = (l .ln . The sum of head loss
coeffi cie j i n s is estima ted from this repl -t ion coefficient by:

EK 0 
~~~~ 

~~~~~~~~ c -
~~

- A~__)2 —

IT K 
~mean 

4R

A f a m i l y  of c u rv e s (Fig. 43) for various values of A l (Fig. 43)
presents t ”  relationshi p between the mean velocity and the cross-
sectional ar-~a for values of A~ between 100 and 1 ,000 square feet (9
and 93 square meters respectively) . Useful information about the

potential stability can he gained by comparing the cross-section history
)f the pass to the Escoffier diagram (Figs. 8 and 43; App . F). The
minimum areas reflect the field observat i ons that since May 1974, there
has been a si gn i f i can t  cons t r i c t ion  about 200 feet (61 meters) long
in  the vicinity of xl9 , and a less severe constriction for another 800
feet (244 meters ) between the jett ies (X20 and X21).

During June 1975 the section at X19 was reduced to 277 square feet
(26 square meters) and the longer section to about 700 square feet (65
square meters ). For all depositiona l lengths less than 1 ,000 feet (305
meters) , the critical area is less than 200 square feet (19 square
meters) (Fig. -13). Interpolating between the curves in the figure
indicat os that a cross-section reduction to about 300 square feet (28
square meters) would lead to a current velocity over 3 feet per second
(0.9 meters per second) which should scour quite effectively. Reduction
to 700 square feet (65 square meters) would produce , at most , about
one-half this velocity which would probably scour only against a moderate,
cont i nued wash load from longshore currents and waves. Thus, the 277-
square— t oot (20 squa r e re te n-s ) cross ect  ion should have been rce\panded
rapidly, and it was by the following month (586 square feet or 54 square
meters by 2 July l9~~t), while the 700-square-foot (65 square meters) reach
remained well below the equilibrium area . At the longer A l’ s , such as
3,000 feet 914 meters) and 5,000 feet (1,524 meters) , the increase in
flow velocit~ with incre asing channel constriction is very slight due to
the h i gh frictiona l losses , and self-scouring is far less likely than
for .\l ’ s of 100, 500, or 1 ,000 feet (30, 152 , or 305 meters , respectively)
where the increase in velocit y is hig h for a small decrease in channel
Section .

5. Future Inlet Stabilit y .
-- - - --4-

\ll indices of sta b ility indicate that the water exchange pass is
marginally stable or unstable with a tendency toward closure. Survey
data support this by showing sunmier shoaling and winter scouring
resulting in a not reduction in average and minimum cross-sectional area
each year. Closure by restrict ion of short reaches is unlikely as shown
by Fscoffier diagram analysis and observed recovery of cross-sectional
areas reduced to less than 300 square feet (28 square meters).

Sinc e the t idal flow was flood dominated , more littoral drift
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entered the channel on floodtides than was removed on ebbt ides .
Continuation of this phenomenon will probably lead to closure by
restriction of cross-sectional areas over a greater length of channel.
This will probably he the bridge to gulf section (zones V and VI), but
shoaling may extend farther hayward , espec ia l l y  into the bend zone where
some meander point bar morphology alread y exists. Since shoaling is
mos t favored by waning tidal ranges and strong, southerly, onshore winds
predomin ate in summer , closure is most likely then .

Total self-scouring ability can probably be achieved only by the
construction of long jetties to keep littoral drift out of the pass.
However , this might eventually require installation of a bypassing plant
or regular dredging with downdrift disposal to prevent beach erosion and
continued growth of the beach to the end of the jetties.

V . CONC LUSIONS

1. The location of Corpus Christi Water Exchange Pass relative to Corpus
Christi Bay is such th~-’t each of the two wind modes in this region
creates gulf and especially bay water surface slopes that enhance
one direction of tidal flow. The dominance of the onshore , southerly
wind leads to the dominance of flood over ebb tidal discharge by
about 1.6 to 1.

2. W h i l e  the first year ’s study (Behrens , Watson , and Mason , in
preparation , 1916) documented the well-kac wn groin effect on the
gulf beaches of the newl y created pass jetties , subsequent studies
have revea led the potential danger of updrift beach erosion due to
the formation of a downdrift offset at the gulf mouth of the pass.
This formation was apparently due to the tidal discharge asymmetry
caused by intracoastal wind tidal circulation and by longshore
transport reversals such that net northward (updrift) transport
coincided with maximum flood discharges and net southward (downdrift)
transport coincided with maximum ebb discharges . Monthly, inner surf
zone and beach changes seem to reflect both widespread shoreward
migration of inner bars and troughs , and upward and downward
migration of forms in response to seasona l changes in mean water
levels.

3. Earlier conclusions by Behrens , Watson , and Mason (in preparation ,
1976) that low gulf surf and waxing tidal ranges cause channel
erosion , and hig h surf and waning tidal ranges cause channel
deposition cont inue to explain most of the bathymetric changes
occurring within the channel and its several parts during both
weekly and monthly intervals. A third factor , local wind s, explains
much of the short-term , detailed , erosion-deposition observations
because of its control on the direction and amount of discharge and
on surf conditions.
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4. -\ simple , s ing le-lobed , flood tidal delta seems to have contributed
t o  a s t ahi e bypassing system at the hay m o u t h .  Uowever , m a t e r i a l
eroded fr -m the ha shorel m e  en tered  t h i s  system through the  smal l
ebb channels and wa- s flushed out of the pass by the dominant flood
d i s c h a r g e s  t o  he d ep o s i t e d  on the  outer  bay bars or he t ranspor ted
a w a y  f r om t he  ar e a  by longshore currents. Thus , the eroded material
was  lost to t h e  system and the bay shore continued to erode at a
co n s t a n t  v o l u m e t r i c  ra te .

S. Al though  most s t a b i l i ty  indices suggest that  the pass is not s t ab le ,
it has maintained itself for 3 years . Escoffier diagram analysis
gives the g r e a t e s t  i n d i c a t i o n  of stability and explains some
critical , short-term fluctuat ions in cross-sectional area . Thus,
it seems to be the best predictor of the Corpu s Christi Exchange
Pass behavior.
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APPENDIX A

D IURNAL DISCH ARGE STUDIE S RESULT S

Plots  o f instantaneous t i da l
discharge and d i f f e r e n ti a l  versus
time .
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APPENDIX B

COMP UTED TIDAL DISCHARGE

Tidal discharge and mean velocity computed from
gulf and bay gage data for each tidal cycle , Dis-
charges are connected in ebb to flood sequence to
show ebb and flood cycles . Velocities are connected
in ebb to ebb or flood to flood sequence to show
monthly trends ,
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In F igures  C - I ’  t o  C-32 , t he s m a l l , h o r i z o n t a l  arrow t o u c h i n g  each
pr i  f i l e  r ep resen t s  mean sea l evei ; numbered  arrows refer  to the fol-
low i ng observed t i - e n d s :

( 1 ) On shore  m i g r a t i o n  f Sh ORE!  I ’~! w i t h  r i s i n g  seasonal  water  l eve l s ;

( )  onshore m i g r a t i o n  of F OR E SII OR E TIl l with r i s ing  seasonal water
1 eV( I S

(3) onshore mi g r a t i o n  of OF FSHORE BAR w i t h  r i s i n g  seasonal water
1ev e I ‘— :

( 4 )  o f f ~ h~~r~ mi g r a t i o n  of SHORELINE w i t h  f a l l i n g  seasona l water
l e v e l s ;

(5) o f f shore  m i g r a t i o n  of FOR E SHOR F TOE w i t h  f a l l i n g  seasonal water
1 cv c - i s ;

(~~) o f f shore  m i g r a t i o n  of OFFSHOR E BAR wi th  f a l l i n g  seasonal water
le v el s ;

(7) ot her lan dward bar m i g r a t i o n ;

(8) other seaward bar m i g r a t i o n .
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A1’IThN DIX I)

GULF MOUTH BATHYME TRIC MAPS

- Area used for computat ion of sed imentary
volume changes is ou t l i ned  in Fi gu re D-L

$
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APPENDIX E

BA Y MOUTII BAThY METR I C MAPS

Area used for computa t ion  of sedimentary
volume changes is outlined in Fi gure 1:-i.
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Table G-L . Weekly water temperatures and salinittes at
Aransas Pass inlet for 1974.

Temperature (°C) Salinity (parts per thousand)
Week Month ebb flood ebb flood

8.0 11.0 21.0 27.0
2 13.0 14•O 27.5 24.5
3 Jan . 13.0 12.0 24.5 21.5
4 14.5 25.0
S 17 .0 16.5 20.5 2L5
6 15.5 21.5
7 Feb. 18.0 16.0 28.5 27.0
8 18.0 28.0
9 16.0 30.0
10 19.5 32.5
11 21.0 28.5
12 Mar. 21.0 25.0
13 17.0 16.5 26.5 25.5
14 21.0 29.0
15 21.0 30.5
16 Apr . 20.5 31.0
17 23.0 25.5
18 24.5 25.5 22.0 23.0
19 25.0 26.0
20 May 27.0 26.5 26.5 26.0
21 27.5 28.0 26.0 23.0
22 28.5 28.0 25.0 28.0
23 28.5 28.0 33.5 32.5
24 June 29.0 27.0 28.0 29.5
25 29.5 28.0 32.0 33.0
26 28.0 33.0
27 28.5 28.5 33.0 33.5
28 29.0 28.5 34.0 34.0
29 July 29.5 28.3 35.0 34.5
30 29.0 28.5 35.0 35.5
31 27.5 36.0
32 28.0 28.5 37.0 37.0
33 Aug. 29.0 37.5
34 29.5 29.5 37.5 37.5
35 29.5 29.5 37.5 37.5
36 27.0 37.0
37 Sept. 26.5 26.5 36.0 36.0
38 28.0 30.5
39 24.5 26.0
40 24.5 27.0
41 25.5 27.5
42 Oct. 24.0- 22.0 26.5 22.0
43 24.0 29.0
44 24.0 27.0
45 20.5 23.0
46 Nov . 17.0 19.5
47 19.5 26.0
48 16.0 20.0
49 15.5 29.5
50 Dec . 13.5 25.5
51 15.0 31.0
52 13.5 17.0 24.0 28.5
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Table 0-2 . Weekly water temperatures and salinlties at Aran sas Pasi
and Corpus Christi Water Exchange Pass for 197S.

Temperature (°C) Salinity (parts per thousand)
Week Month ebb flood ebb flood

1 12 .2 12 .9 27.0 25.8
2 15 .6 16.0 25.5 30.0
3 Jan . 12 .5 13.4 27.2 26.8
4 12.8 13.0 24.0 29.0
S 17 .5 18.7 30.0 30.8
6 14.0 17.0 25.7 25.0
7 Feb . 15.8 16.1 26.7 27.5
8 15.0 14.2 28.0 28,8
9 15 .9 16.9 27.8 31.5
10 16.6 18.5 29.0 28.5
11 Mar. 15 .2 16.1 29.5 28.7
12 17.6 27 .5
13 20.5 18 .0 27.0 31.0
14 17 .2 18.4 24.5 26.5
15 20.2 20.0 25.7 25.8
16 Apr. 20.6 27.5
17 21 .4 23.1 26.0 26.0
18 23.9 23.9 24.0 21.5
19 25.6 25.8 21.0 20.0
20 May 26.1 25.8 21.5 22.0
21 25.6 25.8 30.0 29.5
22 27 .8 26.9 28.0 28.5
23 27 .5 26.9 28.0 25.5
24 June 26.4 33.0
25 26.4 35.5
26 29.4 28.9 33.0 33.0
27 29.4 29.0
28 28.9  2 7 . 2  33.5 36.5
29 July 29.2 25.8 35.5 35.5
30 28.1 36.0
31 29.4 28.9 36.5 36.0
32 26.9 37.0
33 Aug . 28.1 28.1 36.5 36.0
34 28.9 29 .2  37 .0 37 .0
35 28 .9 36.0
36 28.9 29.8 28.5 27.5
37 29. 1 28.9 27 .0 27 .0
38 Sept . 28 .7  29.0 27.0  27 .0
39 4 .4 23.0
40 25.5. 24 .5 2 S . S  26.0
41 25. 7 2 4 . 3  29 .0  27 .S
42 Oct. 26.7 25.9 28.5 24.0
43 24 . 7 24 .6 2 8 . 5  2 7 .0
44 23.3 24.0 27.0 27.0
45 24.2 24.6 27.0 29.0
46 Nov . 22.9 19.6 26.5 24.0
47 17.4 22.3 24.5 29.5
48 16.7 18.9 26.5 29.5
49 17 .7 16.8 27.0 28.0
50 Dec . 17 .0 18.6 25.5 29.5
51 12.6 17.6 23.3 28.0
52 13.5 13.0 26.5 26.0
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