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This publication 1s one of a series of single-topic problem modules intended for use in undergrad
geology and earth science courses. It was prepared under the direction of the Instructional Matenals
Program (IMP) panel of the Council on Education n the Geological Sciences (CEGS) -a project of the
American Geologial Institute (AGI) supported by the National Science Foundation and s presented
through the cooperation of the McGraw-Hill Book Company. .
Each module in this series serves as 2 model from which modern aspects of concepts basic to geology
can be_introduced. All modules are inquiry- and problem-oriented and deal with interdisciplinary, con-
temporary, and pragmatic a?bects of their subject matter-matter difficult to treat in a more typical
textbock fashiort. They are designed to be open-ended so that 1deas from them can be incurporated nto
higher level classwork. They should mspl:e teachers to develop similar materials in areas of their own
interest and competence. -
All modules should be usablé alone or as a supplementary resource to other course matenals.
Therefore, they are designed to be self-contained, with written parts arranged so that they can be adapted
to special local needs or conditions. Some are essentially a single laboratory exercise, othets might occupy
nearly an entire semester to complete satisfactorily. Their breadth is as variable as their depth.
Estuarine Oceanography 1s especially timely and treags aspects of one of the most fundamental
problems of man-his adjustment to, and modification of, his environment. Where the land, sea, and air
meet, man has concentrated his major cities and industrial sites. Yet few regions of the carth are subject to
a more vanied confluence of natural forces, ggnbient dynamic energy, or rapid change. The continuous rapid
. transformation of coastal areas demands scientific and political pryblem-solving with a sense of urgency.
' Students with varied backgrounds and future interests should find.in coastal processes a natural laboratur)
where change is fast enough 4o measure easily and often hazardous enough to qualify as “relevant.’,.
Thanks are due to all who contribtted “to. the process of 1mproving Estuarine OCeanography as an
educational device. The author of the module, F. F. Wright, tested early versions 1n his_classes, redrafted
most of the figures, and ‘reworked the educational aspects in response to class testing and editorial review.
Raymond Pestrong of California State University, San Francisco, advised the author on procedural mattérs
and reviewed an earlier version of the manusgnpt. Richard L. Bartels, Ingeborg Westfall, and Carol Moss, all -
of the Unwversity of Minnesota, were especially helpful to the editors in providing educational critiusmand .
*  editorial advice. Martin A. Torre of the AGI staff reprocessed some of the author’s photographs of
equipment and field operations. The National Oceanic and Atmospheric Administration furnished pages
\ from their Tide Tables, herein, reproduced as Tables I and 2 2. Finally, to Jackson E. Lewis of the CEGS staff -
go the accolades rightfully hlS for carrying the major burden of bringing this module to the geological
educatnon'erofessnon
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. This module 1s for anyone seriously interested in coastal oceanography or limnology 1t 1s structured 1 a
laboratory supplement for undergraduate college classes but should be useful at all levels The module has
two very distinct parts. a text covering general concepts and stressing the small-scale technology necessary .
to study small natural bodies of water, and a rather detailed exercise describing a (somewhat) 1deal estuary
Emphasis throughout the module 15 on techmquesm liave evolvil for low-budget studies of
physical oceanographic phenomena, particularly water movements and nuxing problems These phenomena, —
and especially the analytic approaches necessary to extract useful information about them, are umque to
oceanography and hmnology and usually are not well understood by scientists or laymen outside the field. ‘
An appreciation for such phenomena is absolutely essential to the understanding of aquatic ecology, the
transport and deposition of sediments, and problems of engineering construction and materials; s{ten,
however, they are 1ignored out of lack of knowledge and understandmng or fack of analysts’ confidence when
they approach these matters. g
In any study of a body of water, there will bagpecific local complications ~biological, chemical, and
geological- the full understanding of which requires the active and coordinated contributions of people
having expertise n these corollary fields. Therefore, the results of a class survey of the sort described in this -
module will be far more meanmgful 1t 1t 1s run m conjunction with classes in bactenolegy. ecology, or
chermistry. ’
Throughout the module, estuaries have been emphasized, and it 15 assunied that you will have one
within easy reach. Of course, this will not always be the case, but you will find.that most of the techniques
discussed are equally applicable to likes. Theoretical background is minimized throughout and should be
- obtamed from standard oceanography or limnology texts. Considerable enthusiastic labor has been taken
, for granted, m effect, labor is substituted for hardware in this approach, and you will* see what a
tremendous amount of work can be involved in even a superficial study. Much specialized apparatus is
N needed too, so it may take some time to accumulate the capital equipment for a comprehensive study. In .
. the meantime, you can still do useful work with whatever is at hand. An extensive collection of charts, tide - .
tables, and local reference material will also have to be assembled. )
One note about the gear described—it was created for me by a junior high school student. To simulate
reality, | would simply sketch roughly what was needed, send him out to beg, borrow, or steal the
. wherewithal, and then have him build the.gadget. Most of our “equipment budget’” went for plastic
_electrical tape (needed by the kilometer), thermometers (very fragile, unfortunately), and such esoterica as
plumber’s helpers; everything else was “found.” Needless to say, only the gadgets that actually worked are
described here. Be prepared to:improvise,.and if you come up with a significant improvement, please send
me a description. . . , . '
The exercise on Hypothetical Bay was designed to be as close to reality as possible and is intended
either for practice or as a substitute for a real estuary. 1 have included not merely a mass of raw data but
have also tried to give some feeling for the context—technical, political, and sociologic—in which most suich
studies are actually conducted. The data are based on actual material collected by students. As in the

-

A original surveys, you will find that there are places where the ends just do not meet. Equipment - -
. . « , ~ » . . *
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by malfunctions, people tire, and the weather (_i;variably)‘ deteriorates. The result is anontadous or downright
. ’ spyrious informatjon, and some of these data appear in the exercise..As you will discover when youget o
the water, a cohtinual trade-off operates between the information you believe 1n advance 1s absolut
_necessaf§ to, do d mimmal job_and the data with which you must finally be content. Too often durjng a
-study it is really impossible o decide which data are’ superfluous, 1n the final synthesis coincadental
information often proves to be highly significant. In the Hypo Bay material, you will find a good deal’jf,
iformation that is.riot strictly necessary for a first-approximation solution tu the stated problems, but if’
- (as ss likely in such a situation) the case went to coprt,'all the background.data might prove important This

" . situation 1s really very mugh like the real world -there simply 1s no single, simple, obvious solutign 1o the
[ local problems. As you will see,"the problems are not all oceanographic. ... ) ’ .
' Too often, people when confronted by oceanogeaphic or limnological pioblems let themselves be

* intimidated by. what they have read or seen dn television. They assume you must have an unlimited bdd_get
and a sophusticated command of mathematics and physics, to do realistic work. Thus is ttue enough for
many deep-sea projects and for many of the basic research fields within ocean‘bﬁraphy. It 1s definitely not
true for most small-scale inshore projects. All you need 1s a certain amount of carefully collected data and
the confidence to }nampulate theée facts to produce useful estimates of the crindal phy sieal parameters.
Intellifent amateurs can do as well as—or, because they can mobilize more observers, often better

“than professionals at the estuarine oceanographic game. If this module does nothing else, I will be content

if it convinces a few bodies to get out in a boat and'do some real oceanography. .
s " As a final amd quite personal note, Estuarine Oceanography 1s based on more than 10 years’
experience doing oceanographic work without a budget. Nothing herein 1§ strictly orginal or, for that
matter, 1dentical to earlier operations. The "equipment 15 based on the many curious expedients that I used

as’a student or that were dreamed up by friends or students of my, own. My thanks to all these friends,
professors, students, and technicians. My Particular thanks go to Kirk Randall, who, actually buitt most of
the gear mentioned, and to Dave Burbank, who improved‘on much of 1t. The material for most of the Hypo
i Bay exercise was generated by a senes of class studies;, to those students involved, my thanks and
S appreciation. If any of them encounter this module, they will recall the frustrations and excitement of our N
surveys. Finally, I must also mention the CEGS people.who have been uniformly cooperative, constructive, .-
~ and very, very tolerant throughout the evolution of the module! ‘ ..
. Best of luck! ’ . N
~ ‘o
. F. F. Wright
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INTRODUCTION - . '

Oceans cover over 70 percent of our_planet’s surface, but the exposed land areas profoundly influence the
meteorology, geology, and biology of the gnﬁre system. The transition zone at the coast, where land, sea,
. and atmosphere meet, is thus critical to all the natural sciences. This module is concemed with the
oceanography of particularly impdrtant features of the coastal zone—estuarjes.* ¢
Estuaries are usually bays *where rivers flow into the sea, but there are many geomorphic variations.
They are stnctly defined as semienclosed cosstal bodies of water having a free connection with the open sea
and a certain amount of dilution from land drainage. The estuarine environment is critical because it is
through estuaries that virtually all physical and chemical products of they land are transferred into the
ocean. The first contact between sediments and the sea occurs here, and many important physical and
chemical procesées are initiated here. ’ )

. Geologists are especially concerned with the estuarine environment because more than 50 peréent of
all ancient sedimentary rocks were deposited il the sea close to the continents. These ancient sediments
reflect their individual histones of erosion, transportation, and deposition, and thus are necessary guides in
the reconstruction of the history of the earth. As a consequence of their efforts to understand earth
history, geologists must carefully study the éheﬁlistry,.physics, and biology of ‘this zone of transition—in
effect, they must becorne estuarine-oceanographess.

Today, there is another reason the study of estuaries is important., Pollutants, the wastes of all sorts
¢ produced by our society, enter the sea primarily through estuaries. Most pollutants, in fact, may be
regarded as specialized forms of sediment, for they are influenced by precisely the same processes as natural
products of the land. Thus, as wesstudy the geologic processes in estuaries, we can attain a better
understanding of the interaction of man with his environment.
In this part of the module, you will study first the general characteristics of. the estuarine zone and
+ the plysical processes, both natural and artificial, that are found in estuaries. Then, you will be exposed to
- some basic techniques necessary for the scientific study of estuaries—techniques that can be used by any
interested group. In the second part of the module, a study program for a typical estuary will be described,
especially in the context of potential pollution problems. As a practical matter, if the techniques discussed
here are integrated with a biological survey of an estuary in your local area, you can—with a few weeks of
field and laboratory work—accomplish a study that can be very important in planning the conservation or
development of your home area. ' . . aw

Study Suggestions r, .

» . \

1 In your state, what is the legal scaward (or lakeward) limit of privat.c property? (This is usually
an average high-tide mark, but precise definitions vary.) ' -

) " ': . | ’ 1‘* — 1‘
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¢ . .
2 Lust all the local, state, and federal authonties who have jurisdiction over estuaries (or lakes) in
your area. Try to define precisely their responsibilities.
3 What are the uses to which estuanes (or lakes) in your region are put? Commercial fishing?

Recreation™ Waste disposal? List all the uses, and rank them by relative importance to private
citizens, to governmental authorities, and to industry. .

B

‘ THE ESTUARINE ENVIRONMENT e

-

‘Geomorphology and Geology
Estuanes are geologically temporary, features of a shoreline. As-sheltered embayments that can trap
matenals from either hinterland or the open continental shelf, they mevitably fill and disappear in time.
- Because sea level has recently risen owing to the melting of the last great continental glaciers, many
estuaries exist at the present time. Many of these represent the*drowned valleys of rivers adjusted to lower
sea level earlier in the Quatemary Period. Other largé estuaries have develuped as lagoons behind beach
ridges or barner beaches that were produced when sea level was lower than at pregnt. Virtually any coastal
map-shows estuanes of many forms and sizes. Remember that to qualify as an estuary an embayment must
have relatively free actess to the sea and a certain amount of fresh-water dilution from the land, even If the
runoff is largely-seasonal. ‘ )
In detail, the physical form of estuaries is the result of the interaction of marine and terrestrial
agencies. Waves, wind, and_tidal and river currents all contribute to the erosion, transportation, and
.. deposition of sedimentts in estuaries, also very significant are the type and quantity of available sediments.
Human influence on many estuafies has often been drastic. Deforestation, agricultural practices, or
hydraulic mmning have strongly altered the fluvial input of water or sediment to estuaries, and dredging or
construction projects have often completely changed estuanes’ geometne forms. (The two review papers By
- Schubel! and Pntchard, published in 1972, descnibe in more detail the origin, development, classification,
and pollution of estuaries.)

~ Study Suggestions

Obtain nautical charts and topographic maps of your local estuares. ‘ -
What geomorphic types of estuaries are there in your locahty?

What geologic agencies are responsible for their forms? |

What are the obvious (or subtle) effects of civihzation upon the forms of your local estuaries”

If maps over a sigmficant time span are available, estimate rates of change, erpsion,
sedimentation, sand-spit migration, etc. . *

VB Wt

Biology

Paradoxijcally, the estuarine environment 1s one of the most exacting environments for life but also one of
the most productive. Runoff from the land and wave and tidal mixing tend to keep the nutrient levels jn
the shallow waters very highi, so plants, both planktonic and benthic, tend to grow very well. Of course,
marine plants, like terrestnal plmts: are at the base uf the trophiv pyramud, and where plants thrive. animals
rapidly appear to exploit them. .
Three factors make life in estuaries difficult for organisms. tides, waves, and the influx of-fresh whter.
The tidal rise and fall of sea level are extremely vanable in different parts of the world or even between
neighboring bays. Much of the local effect of tides depends un the spe.ific geometry of the embayment.
The tides are critical to many benthic organisms because they expose part of the sea floor to the
atmosphere several times each day, intertidal creatures areJikely to be desiceated at low tide, and they are-
‘ subjected to much wider ranges of temperature than is decper living marine Life. Wave attack is alsv highly
. variable, depending on local weather pattems and on the configuration of the shoreline. Waves assist in the ,
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mixing processes necessary for high(produé}ivity in estuaries, they may also move sedimeénts that choke hfe
or may physically detach organisins from the substrate. The fresh water which is always present to seme
degree 1n estuanes is critical 1o the stratification of the waters, and because 1t tends to he above the denser
saline ‘water, 1t has a profound inflgence on the intertidal biota. In fact, because the intertidal creatures are N\
so sprofoundly influenced by the focal water charactenstics, the normal propoi.ﬁon of fresh water can be
gauged very closely in most localites by, the character of the population. - .

&

The ecology of estuanes 1s a Very precisely balanced thing. In any locahity, 1t represents 3 slowly
developed system that optimizes the utilization of the local resources. Natural catastrophes are nqt -
‘ uncommon in ths ngorous envnronment,' but we are now observing large-scale artificsal disruption b;/
humans 1n a great many estuartne systems. Where the interference by humans has been “natural” (such as .
alterations 1n the local hydrologic cycle, introduction of excess sediment, or simply overexploitation ¢f
some estuarine drganism), t,he' environinent, given time, can compensate and reestablsh 1ts balance
Unfortunately, many of the things humans now introduge into éstuaries are either guute unnatural (such as
) detergents, pesucndes,"or industrial waste waters), or if ratural (such as oil spills), they are introduced in
such large volumes that the énvironment simply cannot cope. The ecological results of pollution may be.
) either the direct killing or stunting ofopopﬁ?agions or, more subtly, estuanine products made poisonous to .

creatures outside the immediate environment, those affected by the latter may includeeven humans .
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Study Suggestidhs . . . B ’ .
’ . B ' ' ) \ .
B ' ’° o < v
.1 From field tnips and reference books, work out the local intertidal zdnation of plants and antmals
. on ap open shoreline (without fresh-water influence}.
2 Compare the zonation 1n nonestuarine areas exposed to and protected from waye attack
) 3 Compare the ntertidal communities 1n local estuaries with those of the open coast. especially
from the pomts’of view of speciesdiversity and absolute numbers . . '
4 4 Tabulate what 1s kpown of the tolerance of your local biota to temperature and salimity -
variations. : . . ) . ,
) Ta?ulale any o‘bv10'u§ local sources of coastal pollution and their consequences on the biota

L * ¢ -

~ . . .

Oceanography ' - ' ) ‘ .

The oceanography of estuaries 1s exceedingly complex and volves primanly studies of water mixing and .
arculation patterns and the physical or chemical transport ofenumerous substances transport often
infleenced profoundly by orgamsms df many sorts. These studies can be greatly simphfied by acsepting the \.
assumption that pve are dealing With an approximate steady state in a thermodynamigsense If we assume 4
balance betyeen the mput and output of energy and matter.in an estuary, as 1s imphed by a steady state.
we can then create a‘relatively uncomphcated mode! which can be analyzed by determining a limited .
number of energy and matenal budgets,-and which may be used to predict probablé changes irr the system.
Natural estuaries are so complex that such an approach is necessary even though we are aware that our
simplified model is not a very close approximation of nature. : ' . '

Our model of estuanne circulation assumes the presence of two “active” layers of water (Fig. 14). At
- the surface, there 15 a mixed layer containing less dense fresh water from runoff and some admixed
sea water. At depth, there is a denser layer of virtually pure sea water. Between the two layers is the .
pycnocline—a zone of very rapid vertical change 1n water dehsity caused primanly by the difference 1n salt
content between the layers, but often also strengthened by. temperature differences. The pycnocline 15
actually the summation of the influence of steep vertical gradients in the salinity (the halocline) and in the
temperature (the thermochine). This pycnocline serves as a Eqrrier to mixmg,betw'een the two’layers. Much
of our attention 1In estuanne oceanography focuses on the volumes &f water and the currents in the two
layers. These determine mixing and flushing rates within the estuary - the cntical factors in* most \ .
coastal-pollution problems. . ’ .

In a honzdntal view (Fig. 1b), we sce that surface currents tend to have a rotational motion with
incoming and outgoing currents stronger, on the average, on opposite sides of the estuary. This condition 1s
due to the Conolis effect othe apparent deflection of moving particles on the surface of the rotating earth,

. .
“ .
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FIG. 1 Circulation in Northern Hemisphere estuaries. (A} Longitudinal cross section, {8) horizontal view.
\ -
Water in the currents tends to move toward the right in the Northern Hemisphere, toward the left in the
Southern; thus, in the Northern qulsphel'e an almost permanent counterclockwise circulation may be
established in a tidal basin.-- :
The remainder of this part of the module deals'with techniques necessary to study the circulation and
Amixing in estuaries, especially as they can be applied in reconnaigsance studies. None of these techmquesis

particularly refined, but if intelligently applfed, conclusions based on information they provide van be %y
lmportant in planmng the use of our estuaries.

*  Study Suggestions _ . . '
, . . Y .
4 . y "3
%l ,Contact the local office of the Weather Bureau, and obtain copies of the Nationgl Oceanic and *
“ Atmospﬁenc Administration’s “Annual Summary of Local Chm@ognc Data” for.yqur region.
Study these, and then prepare a graph showing average precipita ver an annual cycle.
2 Obtain any avanlable local river- and stream-flow mformalnon from the U.S. Army Corps of
’ Engineers or a state agency), and correlate this with the precipitation data. .
) 3 From the precipitation and ,stream-flow graphs, try to, assess the importance of seasonal .
" anfluenices in estuarine circulation. -
"4 Check with the local office of the Coast Guard for any available information on local currents .
and any significant changes in the shoreline or 1ocation of landmarks that postdate your charts. '

Y \ «

) The magnitude of Coriolis force per unit mass C can be calculated for any latitude from the equation ‘
C 2Q vsin ¢ ‘ .
B whcre §21s the angular/ed of the earth’s rotation (1.458 X 107* second™ D, mspecd of the moving ’
body, and ¢ is the latitude. The direction of the Coriolis vector is alwayshormal to the onginal direstion of
accelcratxon - .
S ) ‘ ’ g
- Calculate the Coriolis force on a water particle moving in a 2-knot (50 cm/sec) tidal current in your
¥  latitude. — . -
7
. - R .
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Calculate Coriolis influence vn unit masses of water for each 15° of latitude between the equator and
the pole. Plot these on a graph, and then explain the variation in intensity with latitude.

-~ . ,
a 4
- . . ,
‘ .
Why do wgvo'bscrve right deflection due to Coriolis force 1n the Northern Hemisphere and left in the
SoutHem? /
t
- . . . ]
ESTUARINE OCEANOGRAPHIC TECHNIQUES ¢ : §
Study-Site Selection ‘ - ‘

- ’ .

Nfany factors should bc considered in the selection of a study estuary. its accessibility, the availabljty of
boats, docks, or bridges from which to sample, the availability of adequate charts, the time and money that
can be allocated to' the study, and, of course, the need for the study. Perhaps the most important early
considerations shduld be those of geographjc simplicity and size, the area must be small enough and
sufficiently uncomplicated that a small group wi® limited time and funds can conduct a fairly
comprehensive survey. A good estuary for class study might be approx:mately triangular, 3 or 4 miles long,
and no more than | mile wide, it should have only one major source of fresh water and depths no greater
than 50 feet. A reasonable model of such an estuary can bc worked out with 2 or 3 days of intensive study
and a few weeks of occasional observations. - ’

Working Boats v

A powerboat of some soft is really essential for a comprehensive estuarine survey. This can be of any

convenient size, shape, or power, but pmfe'rably it should-be relatively small and have a shallow draft and .
wide beam to make a stable working platform. The boat need not be fast, much of the work will be done at

slow speeds or while anchored or drifting. If a powerboat is not available, a good-sized rowboat or even

small sailboat can be used, but mobility will be proportionately reduced. You must be able to anchor the

vessel for some operations. In some built-up estuarine areas, enough docks and bridges may be available to

permit reasonable sampling, and little boat work will be necessary. Needless to say, Coast Guard regulations

on life preservers and other pasic safety gear should be followed whenever working on the water.  *

/
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- Bathymetric Survey '

The baste requirement for gn estuarine study 1s an adequate map. In most coastal areas of the United States,
excellent charts are available from agents of the Coast and Geodetic Survey. Many ship chandlers and
harbor masters stock them. These maps should be used “with care for research purposes, however, because
thetr quality 1s usually 1n direct relation to the importance of local shipping: therefore, if your study area is
not m a busy port, the charts will often be out-of-date. Also, silting can be quite rapid in estuanes, and this
too may invahdate the available charts. Thus, 1t is wise to check the available charts, and 1t is often
necessary to remake or revise them in part. Assurnng that a good base topographic map and a small
powerboat are available, runming a simple bathy metric survey is relatively simple and rapid.

Sources for some of the equipment necessary for a small-scale bathymetric survey ate histed, 1n
Appendix A. Specialized gear includes a simple sextant or a compass whach can be usgd to take bearings, a
three-arm protractor to plot positions, and some sort of sounding device. This can be either a small
fathometer Gf available) or an adaptation of the traditional sounding hne-a weighted, graduated line used
to measure water depth directly 1f you are using a compass, be sure to take*your bearings far enough away
tfrom the engmne or other large metal structure to avoid local maghetic aberrations. An enlarged working
¢8py of the base topographic map should be carefully mounted ?ra plywood frame and covered with an
acetate f;lm to protect 1t from spray or rain. Before starting the survey, be sure that all the prominent local
landmarks are clearly marked on your base map. It may prove necessary (o install temporary landmarks to
permit adequate trangulation within the estuary, a tall flagpole with a bright banner 1s usually quite
satisfactory.

A sextant for inshore surveys should be simple and sturdy but need not have an optical system. It
consists of a sighting frame through which a landmark can be seen and an adjustable mrror system with
which some other landmark can be aligned with the first. A graduated arc 1s provided to measuresprecisely
the angle between the two landmarks. To6 make this kind of sight, hold the sextant flat in your left hand,
sight directly at the first landmark, and pivot the arm controlling the mirror system until the reflection of
the nght landmark 1s 1n hine, then read the angle. For an accurate position, repeat the process using one of
the oniginal landmarks and a new one. With a protractor and tracing paper, draw these three lines separated
by the approprate angles, then move the tracing over the map until the lines ntersect their respective
landmarks. The ongmn, then, 1s your position on the chart A thre¢-arm protractor 1s designed specifically to
plot positions by this method and 1s a great convenience Practice this entire technique ashore before your
survey. [t 1s simple enough, but the field of view 1n the murrors 1s limited, and a bobbing small boat 15 no
place to make your first sextaflt sight. .

+ " Location with a hand-bearing compass 1s less accurate than with sextant angles, but 1t 1s much easer

to accomplish 1n a small boat. Any good compass graduated to at least 5° increments can be used, but those
designed specifically for yachtsmen (such as the inexpensive model produced by Davis Instruments—see
Appendix A) are much easier to use on a boat than a Brunton or ssmlar survey-style compass Simply align
the compass with landmarks that appear on your chart, and read the magnetic bearings. These lines of
position are then transferred to your chart (correcting for declination, if necessary), and your position is
defined by their intersection. You must use at least two bearings with this techmque, 1t 18 much more
acclirate to use three or more, which will then define a tnangle or polygon within which your true position
#4)es. Again, practice and speed in taking correct bearnngs are essential.

The simplest way to operate the survey 1s to run yqur boat at a ow constant speed on predetermined
lines evenly spaced within the estuary. As a general rule in small-boat surveys, 1t 1s wise to run as slowly as
possible and still stay on course, remember that at 2 knots you travel about 200 feet every minute. Your
mmtial survey hnes should be laid out in advance, headtng, as much as possible, directly for obvious
landmatks so that the helmsman will have a straightforward job. A hypothetical survey is illustrated in
Figure 2. Atsregular time 1ntervals (perhaps 30 seconds if you are using a fathometer, longer if you are using
a sounding lead), the depth should be measured and recorded. If you are sounding with a lead, practice a
good bit before you?aé}empt to run your survey lines. In this techinque, a 1- or 2-pound weight 1s tied to
the end of a hne gr¥duated at appropriate 1ntervals (1-meter spacing is adequate). As the boat proceeds
along 1ts track, the feadsman heaves the lead undeghand ahead of the boat, pulls the line taut, and reads it as
1t comes vertical; he then recovers the line and coils it for the next cast. In water less than about S meters
deep, 1t may be convenient to use a.graduated bamboo sounding pole instead of a line. Once a good rhythm
1s estabhshed, highly precise depths can be obtained very rapidly 1n shallow water by this techmque. In
deeper water, lead-line sounding becomes slow and very tedious. Periodically, perhaps every 5 minutes
durnng a run, you should take a senes of sights with the sextant or take compass bearings to determine your
true position. If enough hands and space are available during the survey, plot your locations immediately;
thisgwill provide a good check on your speed and general accuracy. .,

l .
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FIG 2 A possible estuarine bathymetric-survey grid. Most tracks head toward obvious landmarks to simphify navigation.

-
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If a survey coul:i be run entirely at low- or high-tide slack water, charting would be considerably
simplified. Since this is never possible, the soundings obtained must be corrected for the stage ¢f the tide.
To do this. a tide-height curve should be drawn (see the section on tides), and the correction necessary to
bring the observed soundings to the reference datum (usually average low tide) must be apphed. Normally,
survey lines are short enough and boat speed h‘ig‘h enough so that tidal-current corrections can be ignored.
With currents greater than 1 or 2 knots, it is wise to suspend operations during peak flood and ebb periods.

Back at the laboratory, fhe sounding tracks should be transferred to an enlarged version of your base

) map A convenient scale for this map might be 1 inch to 200 feet, or 1 centimeter to SO meters. When all

the tracks have been marked, transfer in your soundings (corrected for tidal height as necessary). Normally,
coastal charts will use Méan Low Water as the datum plane. Once all the soundings have been recorded, the
map should be contoured at an appropriate interval and then reduced to a convenient size for field use..A
2-meter (approximately 1-fathom) interval is excellent, but often a larger contour interval will prove more
conyenient and realistic.

Tides and Tidal Observations ,

Tides are a special form of wave produced by the attraction of the moon and sun. Ideally, there are two
tidal bulges, one facing the moon and one opposed to the moon, traveling con3tantly around the earth. The
crest facing the moon is caused by direct attraction, the other by the slightly off-center centrifugal force of
the rotation of the earth-moon system. These ideal tides are very small-less than 1 meter high in the open
sea, but observed tides can be much greater owing to the interaction of these waves with the geometry of
the solid earth. s .

Every bodysof water has a natural petiod of oscillation depending, on its dimensions. These
dimensions are so influential that tides in different basins geographically close to one another may differ
greatly, and corrections must be made for both amplitude and timing for every tnlet of any size. To
evaluate the potential for large tidal effects in an open-mouthed estuary, the natural period of oscillation T
of the basin can be calculated from
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where L is the length of the basin, d is its average depth, and g is the acceleration of gravity; these
\ parameters must be 1n metric terms. The period of an enclosed bay or lake can be, calculated 1n a similar
way from !

v

- 2L
. T=—
Ved : c
If the penod of oscillation 1s approximately 1 lunar day (24 hours. 50 minutes) or a simple fraction thereof,
reinforcement is possible, and great-amphtude tides and strong tidal currents may result. For the
. derivation of these expressions, see such standard oceanographic txts as Gross (1972) or Sverdrup,
- Johnson, and Fleming (1942). . i
Tides are also influenced by the sun. The familiar fortnightly cycle of spring and neap tides i$ the
result of the interaction of lunar and solar forces. When the moon and sun are aligned at full and new
moon, we encounter the high-amplitude spring tides. At the quarter moons, when the sun and moon are
opposed, there is some cancellaton of forces, and the lesser amplitude neap tides occur. The resultant tide,
influenced by sun, moon, and basin shape, is a complex wave form. Tidal heights over a month-long period
in different parts of the world are shown in Figure 3. Soundings on nautical charts are usually referred to
the average lowest tide level (MLWS—Mean Low Water Springs, or MLLW—Mean Lowest Low Water) as
their datum plane. This is a safety factor; the depths shown are thus mimmum values.

- Tides along. the coasts of North America aye of three geretal types: diurnal, semidiurnal, and mixed
(Fig. 4). The simplest—diumal tides with only one high and one low each day—occur in parts of the Gulf of
Mexico. The sermidiurnal tides of the East Coast have two highs and two lows each day. The mixed tides of
the West Coast exhibit diunal and semidiumaf'gomponents; they too have two highs and two lows each
day, but successive similar tides reach different levels. For an interesting computer-assisted study of the
three types of tides, sée the paper by Fox (1969). .

In estuarine work, we are concerned with both the vertical and honizontal water movements of the -
tdes. In this section, we will discuss primarily the rise and fall of tides (the vertical component): tidal
currents (the horizontal moverhents) will be discussed with other currents. Tide tables prepared by the .
Coast and Geodetic Survey are available for most of the coasfal areas of the United States. These tables ,
give, for critical coastal points, the times of high and low tide .and either the tide height or maximum
. current veloaity associafed with the flood and ebb tides. (See the sample page reproduced in Table 1.) They e
also list correction factors for localities near these critical points (see Table 2). For any estuanine study, be
sure to use the Tide Tables, not the very similar Tidal Current Tables: Local tide tables, sometimes giving
both tide height and current predictions, are ¢fter available from local businessmen. With any tide table, be
sure to read very carefully the instructions for application. The corrections are often rather confusing, and
you will need to prepare tide curves to Gorrect your bathymetric sirvey and to calculate water volumes. In
a large 'estuary, the tide may have a somewhat different height' at various points on the shore; such an
estuary and the water volume represented by the tidal effect (tidal prism) are shown in Figure 5.

Figure 6 shows a typical tide curve for I day—13 August 1970—for a small bay in southeastern
Alaska. The data are taken from Tables 1 and 2; using these tables, continue the curve in Figure 6 for the
' following three days—14, 15, and lé,August. :

~ : 5

Most tide gauges are automated and are designed to re€ord tides (and sometimes waves as well) for
long periods of time. They operate either withy-a float or a step-resistance bridge coupled to recording
devices. Such gauges are too expensive for classwork, but adequate observations can be made with a simple
graduated staff and patience. The staff should be carefully marked off in tenths of meters over a vertical
range somewhat greater than the anticipated tides; then it should be securely mounted on a dock piling or a
stake where it can be easily obsgrved. All that is necessary 1s a record of the average high- and low-water
levels at slack tide over the period of your survey. Naturally, you must disregard the swash of waves to

. obtain a true tide figure. A variation uses a long, clear plastic cylinder with a float; the response time of the
cylinder may be adjusted by the size and spaging of water-escape ports to filter out small waves (Fig. 7).
Wave observations may be obtained at the same time. oy
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TABLE 1 Tide Table for Juneau, Alaska, for Period July to September, 1970. From Tide Tables, High
and Low Watgr Predictions, 1970, West Coast of North and South America, U.S. Department of
Commerce, Environmental Science Services Administration, Coast and Geodetic Survey, 1969.

. - o
: ) . Times and Heights of High and Low Waters * .
.
T JULY AUGUST SEPTEMBER
; . . A .
TIME HT. TIME HT. TIME HT. TIME HT. « TIME HT. TIME HT.
DAY DAY - DAY pAY DAY DAY :
HM. FT. HM. FT. HM. FT. HM. FT. HM. FT. HM. FT.
1 0630 —1.2 16 0600 -0.8 1 0112 16.3 16 0042 18.2 1 0200. 167 16 0206 191
w 1306 13.7 TH 1236 13.1 SA 0736 -1.4 SU 0712 -3.3 TU 0812 -1.0 w Q812 2.4
1830 4.5 1754 4.6 1412 14.7 1342 16.7 1430 16.5 1424 199
2354 17.1 1942 3.5 1924 1.0 2024 10 2036 -30
! 2 0036 16.7 17 0648 -2.3 2 0148 16.6 17 0130 19.1 2 0230 166 17 0248 {87
TH 9712 -i.7 F 1324 144 SU 0812 -1.7 M 0754 -39 w 0836 -0.7 TH 0848 16
« 1348 14.1 . 1848 3.6 1442 15.2 14249 179 1454 16.8 1506 199
1912 4.3 2018 2.9 2012 —0.4 2054 06 2118 -3 i
3 0118 16.8 18 0048 18.1 3 0218 16.7 18 0218 19.4 3 0300 162 18 0336 t717
F 0754 -20 SA 0730 -3.4 M 0842 -1.7 TU 0836 -3.9 TH 0906 00 F 0930 —02
1430 _14.5 1406 15.6 - 1506 15.6 1500 18.8 1518 16.8 1542 19.3
1954 4.0 - 1936 ‘2.5 2048 2.5, 2054 ~1.3 - 2124 0.5 2200 -24
: 4 0200 168 19 0142 ,188 4 3354 16.5 19 0306 19.0 4 0336 15.6 19 0418 “163
SA 0830 -2.0 SU 0818 ~4.1 TU 12 -14 W 0918 =32 k0936 09 SA 1006 1.6
1506° 14.7 1448 16.6 1536 15.8 1536 191 1542 16 6° 1618 18.2 .
2030 3.8 2024 1.5 2124 22 2142 -1.7 2200 0.6 2248 -1.2 |
- 1]
5 0236 16.6 20 0230 19.1 0324 16.0 20 0§54 18.0 5 0408 14.7 20 0512 14.6
SU 0906 -1.8 M 0900 —-4.3 \ 0942 —-0.8 -TH 0954 ~1.8 SA 1000 21 SU 1048 34 -
1536 14.8 ~ 1530 17.4 1600 15.8 1618 18.9 1612 163 1706 16.7
2112 3.7 "2112 0.8 2154 2.1 2230 1.4 12236 09 2342 0.4
6 0312 16.3 21 0318 18.8 6 0400 15.3 21 0442 16.5 6 0442 13.6 21 0612 12.9
M 0942 -1.4 TU 0942 -3 g TH 1012 0.1 F 1036 0.0 SU 1036 33 M 1136 5.2
1612 14.8 1612 17. 1630 15.7 1700 18.1 1642 15.8 1754 15.1
2148 3.7 2200 0.4 2230 2.1 2318 =06 2318 1.5
7 0348 15.7 22 0406 179 7 ! 0430 1474 22 0530 14.7 7 0530 12.4 22 0048 1.9
TU 1012 -0.8 w 1024 -2.6 F 1042 1.3 SA 1118 2.0 M 1112 4.6 TU 0724 116 A
1642 14.8 1654 17.8 1654 15.4 1742 16.9 1718 15.2 §242 6.7
2224 3.8 2254 0.4 2312 2.3 1900 137
8 0424 149 23 0500 165 8 0512 13.3 23 0012 0.5 8 . 0012 2.3 .23 0206 29
w 1048 0.1 TH 1106 —-10\ SA 1112, 2.6 SU 0630 12.9 TU 0630 11.2 w 0900 11.2
1718 14.7 1736 17.5 1730 5.1 1206 4.0 1200 5.9 1418 7.4
- v 2306 3.9 2348 0.7 2354 . 2.6 1836 15.6 1818 144 2036 13.0
9 0500 13.9 24 0554 14.8 9 0600 12.1 24 0124 1.6 9 0130 . 2.8 24 0336 3.0 z
TH 1124 1.1 F 1154 09 SU 1148 3.9 M, 0748 11.§ w 0806 10.6 TH 1030 tt.9
1748 14.5 ° 1824 16.9 1806 14.7 1312 5.8 T 1318 6.9 . 1600 6.9
2348 39 1942 14.4 1936 14.0 2206 13.2
10 0548 12.9 25 0048 1.1 10 0048 2.9 2§ 0242 5.2_ 10 0300 2.5 25 0442 2.4
F 1200 2.3 SA 0654 132 M 0700 11.0 TU 0924 11.0 TH 0948 11.1 F 1124 130
R 1824 14.4 1248 2.8 . 1236 5.2 1442 6.8 1506 6.8 1706 5.6
1918 16.1 1900 14.4 2100 13.8 2112 14.2 2306 14.0 R
Y
11 0042 3.9 26 0200 1.4 11 0206 2.9 26 0406 2.1 1t 0418 1.3 26 0530 1.7
S 0642 11.8 SU 0812 11.9 TU 0824 103 W 1100 11.5 F 1100 12.7 SA 1200 14.1 «
1242 3.6 1348 4.5 1348 6.3 1618 6.6 1630 5.5 1748 4.3
1906 14.2 2018 154 2006 14.2 2224 13.9 2230 15.3 2354 149 A
v
12 0148 3.7 27 0312 1.5 12 0330 2.3 27 0512 .14 12 0518 -0.2 27 0606 1.0
SU 0742 11.0 M 0942 11.4 W 1006 10.6 TH 1200 12.5 SA 1154 145 SU 1230 15.2
1330 4.7 1506 5.7 1518 6.5 1718 5.8 1736 3.5 1824 .9
1954 14.3 2130 14.9 2124 14.6 2324 14.6 2336 16.8 - ‘
’ \ .
13 0254 3.1 28 0424 1.1 13 0442 1.0 28 0600 0.6 13 0606 -1.5 28 0030 15.6 .
. M 0906 10.7 TU 1106 11.7 TH 1124 11.8 F 1236 13.6 SU 1236 16.4 M 0636 06
1436 5.5 1624 5.9 1636 5.8 1812 4.6 1824 1.3 1300 16.1
s 2054 145 2236 15.0 2242 15.6 ' . 1854 1.7 N
. 14 0400 2.0 29 0530 0.4 14 0542 —0.6 29 0012 154 14 0030 18.1 29 0106 16.2 .
TU 1030 11.0 W 1212 125 F 1218 13.4 SA 0642° -0.1 M 0648 —-2.4 TU 0706 0.3 .
1548 5.8 1730 5.6 1742 4.3 1312 14.5 1312 18.0 1324 16.8
s 2200 1S5.1 2336 154 2348 16.9 1848 3.5 1912 -0.6 1930 0.6
.
15 0506 0.7 30 0618 —0.3 15 0630 —2.1 30 0054 16.1 15 0118 18.9 30 0136 16.5
1142 11.9 TH 1300 13.3 SA 1300 15.1 SU 0712 -0.7 TU 0730 —2.7 W 0736 0.4
1700 5.4 1818 4.9 1836 2.7 1342 154 1348 19.2 1348 17.3
2300 16.0 « 1924 2.5 1954 -—2.1 2000 —-0.2
l 31 0030 159 31 0130 16.5
r F 0700 -0.9 M 0742 -1.0
1336 14.1 1406 16.0
1906 4.2 1954 1.7
TIME MERl‘f)fAN 120° W. 0000 IS MIDNIGHT. 1200 IS NOON.
HEIGHTS ARE RECKONED FROM THE DATUM OF SOUNDINGS ON CHARTS:OF THE LOCALITY WHICH/IS s
| MEAN LOWER LOW WATER.
| ERIC | o
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TABLE 2 Tidal Corrections, Juneau Area, Alaska. From Tide Tables, High an& Low Water Predictions,
1970, West Coast of North and South America, U.S. Department of Commerce, Environmental
Science Services Administration, Coast arid Geodetic Survey, 1969. X L

v

PpSlTlON " DIFFERENCES RANGES '

Time * Height i
) DI : Mean
No. PLACE . |-High Low ngh Low .| bi- | Tide
. ° Lat. Long. | water  water | water | water | Mean | urnal |- Level
’ P ° e [ hom [h om | feer | feet | feer | feet | feet
ALASKA -Continued N. w.* on SlTKA. p. 118~ : -

. Sumner Strait-2Continued ' Lo L . .
. . 9 -
. - . { Time mendian, 120° w..

o 1421 Port Beauclerc, Kuiu Island 56 17] 133 57| ~0 08 ;-0 10 +1.9 —0.1 9.7 11.9 6.2
' 1422 | Port Protection, Prince of Wales | $6 19| 133 364 -0 07 |0 09 +2.4 0.0 10.1 12.4 6.4
. 1423 | Reid Bay 56 23| 133 53| -0 05 |0 17 +2,8 0.0 10.2 12.4 6.5

1424 |, Sumner Island §6 25| 133 48| -0 13 1—0 10 1 +2.6 0.00 10.3 |. 12.6 66

. on KETCHIKAN, p. 110 .
1425 | Red Bay, Prince of Wales Island 56 18] 133 19| +0 05 | +0 08. —0.8 0.0 l2.§ 14.6 7.6
1427 | Level Islands 56 28| 133 06| +0 05 |+0 05| ~0.4 | 0.0 126 15.0 7.8
* 1429 | Duncan Canal, Kupreanof 1sland 56 34| 133 041 +0 17 | +0"17 | -0.2 —0.1'} 129 15.2 7.8
1431 | St. John Horbor arembo Istand <] 56 26| 132 57| #0 11 |+0 06 —0.7 —0.2 12.5 14.6°] 7.0
1432 | Greys Island 56 31 132 33 [ +0 08 | +0 05 +0.2 ‘0.0 13 ?! 15.6 8,1

. * Wrangell Narrows . '
1433 | Point LockWOod.Woewodskilsla;\d 56 33| 132 s8 +0.22 +0 16 +0 +0.1 13.1 15.7 8.1

. 1435 | Finger Point, Lindenberg Pen §6 41| 132 57 ] +0° 31 |+0 42 | +1.2 0.1 14.2 16.7 86

1436 | Anchor Point 56 38| 132 56 {,+0 22 | +0 36 +0.6 0.0 13.6 16.0 8.3
1437 | Petersburg 56 49 |, 132 57 +0 11 +0 27 +0.3 -0.y 13.4 15.7 8.1
Keku Strait B .
1439 | Monte Carlo Island 56 32 133 46 ] +0 04 | +0 04 | —2.8 —0.1 40.3 12.5 6.6
* 1441 | Seclusion Harbor, Kulu lsland §6 33| 133 52| +0 07 | +0 03 | -3.0 -0.2 10.2 12% 76.4
1443 | Beck Island §6 39| 133 43| +0 10} +0 32| -1.6 o.r 11.5 13.8 |- 1
1445 1 The Summut 56 41 133 44| +0 33 {+0 38| +0.3 +0.1 13.2 15.7 8.2
. 1447 | Entrance Island 56 491 133 47| +0 24 |+0 32| ~0.7 0.0 12.3 14.7 7.6
1449 | Port Cainden, Kulu Isand , 56 44| 133 55| +0 05 |+0 05 | ~1.5 0.0 11.5 1391 7.2
} . 1450 |. Hamilton Bay, Kupreanof island 56 S5 133 50| +0 05 | +0 05 -1.6 0.0 11.4 |. 13.8 7.2
1451 Kake 56 58 133 56| +0 07 |+0 13 -1.4 —0.1 1.7 14.0 7.3
‘ Fredetick Sound ‘ on JUNEAU, p 114 . ; ’
.
1452 | Dry Strait §6 37 132 34| —0 19 | -0 04| -0.3 0.0 13.5 16.1 8.3
1453 | Cosmds Point s6 40| 132 37} 0 20 | ~¢ 15| —-0.7 0.0 |- 13.1 15.6 8.1
¥, 1 ¢. Mitkof Istand 56 40| 132 381 -0 10 | 0 06| -0.3 0:0 13.5 16.1 8.3
455 §6 53| 132 48| -0 15 | -0 11 -0.4 —0.1 13.5 15.8 8.2
~~"""1457 | Thomas Bay §7 00} 132 47| +0 06 | +0 06 | —0.9 —0.1 13.0 15.4 8.0
1459 | Porta eBay,Kupr nof Istand §7 00} 133 194 -0 20 | »0 16 | ~0.8 0.0 13.0 15.5 8.1
<1461 | Cleveland Passage, Whitney Istand | §7 13| 133 30| -0 02 | +0 02 -1.3 —0.1 12.6 15.0 7.8
1463 Bay, Admiralgy Island 57 18| 133 08| +0 02 | -0 02 | ~2.0 -0.1 11.9 14,3 7.4
1465 { Eliza Harbor,"Liesn0i Island §7 10| 133 17| -0 20 | 0 20 [~—-2.0 —0.1 11.9 14.3 7.4
#1467 | Saginaw Bay, Kuw Island 5§56 S4{ 134 18§ —0 25 | 0 22| -2.3 -0.1 11.6 14.0 7.3
Stephens Passage . '
1 1469 | Port Haughton, Robert Islands .51 18| 133 28| ~0 22 | -0 18| ~0.9 —0.1 13.0 15.4 8.0
1471 Hobart Bay §7 28] 13 25} -0 07 | +0 02| -1.2 0.1 12.7 15.1 7.8
1473 | Good'lstand, Gambmr Bay SR §7 29) 133 54| -0 04 | +0 03 | -1.5 —0.1 12.4 14.8 7.7
1475 | Windham Bay - 57 33| 133 30| 0 01 |0 01 ] —-1.2 —~0.1 12.7 15.1 7.8
. 1477 | Rasp Ledge,.Sey mour Canal §7 41 134 02| +0 05 $+0 04| -0.8 +0.1 12.9 15.6 8.2
1479 | Windfall Harbor, Seymour Cnnal §7 s2| 134 16 +0 13 | +0 17| -0.3 0.0 | .13.5 16.0 8.3
1481 | Holkham* Bay,Wood Spit §7 43] 133 35)] +0 02 | +0 05| -0.9 —0.4 13.0 15.4 8.0
1483 | Port Snettisham, Pwm Styleman s7 s8] 133 53| 0 13 j-0 07 ~0.5 |~ 0.1 13.4 15.8 8.2
1485 | Taku Harbor 58 04| 134 01| +0 05 | +0 02 | —0.8 | *—0.1 13.1 | 15.5 8.0
. 1486 | Greely Point, Takulnlet. s8 13| 134 04| —0-02 | 0 05| —-0.7 01 13.2 15.7 8.1
1487 | Taku Point. Takul let §8 24} 134 01 ] +0 13 | +0 12 | +0.3 0.0 14.1 16.7 8.6
- 1489 | JUNEAU 58 18] 134 25§ Daily predictions 13.8 16.4 8.5
1491 ¢Fntz Cove, Douglas hllnd §8 19] 134 36| —0 02 | +0 04 ] 0. —0.1 13.5 159 * 8.2
1492 | Auke Baym §8 23| 134 39| -0 07 | 40 04| —0.5 0.0 13.3 15.9 8.2
. F~— s~
'\/\/\- ™ Lyan Canaly N TP T
' 1493 Funter Funter Bay 58 15| 134 54} —0 01 9 00 —-1.2 '0.0 12.6 15.{) 7.9
1495 | Badow Cove, Mansfield Peninsula | 58 20| 134 53| -0 14 | 0 07| —1.2 | —0.3 12.9 15. .1.8
. . 1497 | Willlam Henry Bay 58 43 135 14| +0 01 | +0 08 | -0.6 0.0 13.2 15.7 8.2
v 1499 |,Pyramid Harbor, Chilkut Inlet . 59 11 135 28| 0 14 |0 13| -0.1 0.2 13.9 16.3 8.3
1501 | Haines, Chllkoot Inlet 59 14} 135 26| 0 10 |0 07| +04 0.0 14.2 16.8 8.7
" 1503 Sk_atway. Taiya Inlet# 59 27 135 19 000 |+0 02| +0.3 0.0-1 14.1 16.7 8.7
- s
- Al 1}
‘ ’ v ‘
.
‘
.o ‘ 2o " .
o . .
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GRADUATED
- ' PLASTIC CYLINDER |%

WATER LEVEL
NARKED Wiy FLOAT

-

CYUNDER
ATTACHED To STAKE
WITH PLASTIC TAPE

Pt

FIG.7 Plastic-cylinder wave gauge. Escape ports are adjusted from experience to filter out noise response.

Study Suggestigns <

- 1 If you have not already done so, complete the curve in Eigure 6.
Obtain local tide tables, and with them prepare tide-height curves similar to those in Figure 6 for
. three or four points in your gemeral area. Compare these, and explain any significant differences.
3 Determine what types of tide predominate in Your area, and identify the influence of the”
fortnightly cycle and, if convenient, the longer pcnod tidal cycles You can 1denufy these by*
consulting Defant (1958) s
4 . What influence would extensive landfill operauons within an estuary have upon the local tides?

i » K

- Wave Determination and Analysis N

Wave effects within sheltered estuaries are usually of minor importance. To develop waves of any real size,
the wind must have the opportunity to wark on the water surface for a considerable time and over a
considerable distance. The only estuarine areas, then, where waves are likely to be significant are places
exposed to waves coming in from the open sea. In these areas, there are likely to be considerable mixing of
surface waters and longshore currents developing in the shallow water. Also, the energy of breaking waves is
: such that finer sediments are carried away and sand or gravel is left behind to fOW—I —
One of the most important effects on waves in estuaries is refraction—the bending of wave crests in .

shallow water until they approx1mately parallel the shore. Sea- surface waves are a wave-form mechanism of

eneggy transfer, like radio and light waves. As such, their behavior is governed by the medium in which they

travel. In the case of sea-surface waves entering shallow water, the critical. factor controlling their velocity is
" water depth. At depths less than one-half the wavelength L, the group velocity of a wave train C is related &

only to the water depth a' and the acceleration of gravity g, according to the equation .

1" - ’
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C=Vegd ' .

At greater depths, the wave velocity can be calculated from ’

~

#

2n

[N

where L 15 the crest-to-crest wavelength (see Fig. 8). These velocity relations are critical to wave refraction,
for they account for the “bending” of wave frants in shallow water. In effect, the waves are slowed mn the
shallower water and continue at normal speed in the deeper portions, causing the wave fronts to encircle
: points and to be bowed out where a submarine canyon heads near the shore (Fig. 9). When the waves come
in at an angle ona str?ight coastline, this refraction effect causes them to actually come to shore”nearly

Y
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F1G. 9 Wave-refrattion diagram showing the bending of wave crests due to sea-floor topography.
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parallel to the beach, although they always have a slight residual component which will tend to move
sediment along the shore. The actual amount of bending can be determined by applying Snell’s law

B

sin a, ,= C,
—_—r— —_— .
sinay, G .

. where a, and «, are angles between wave-front positions and the adjacent bottom contours (see Fig 10).

On a chart showing wave-refraction patterns, it is often useful td construct orthogonals - lines normal

to the wave crests (Fig. 9), which are analogous to light rays in the theory of geometrical optics The

orthogonals can be taken to represent the direction in whichr wave energy 1s transmitted, and their spacing is

proportional to the wave energy available. Thus, in places where orthogonals converge, there is greater
energy {resulting in higher waves), while where they diverge, less energy reaches the shore.

Experienced surfers learn intuitively to take full advantage of the phenomenon of wave refraction,
and oceanographers can use their undgrstanding }a’predict the areas of maximum or minimum wave attack.
Also, the influence of proposed interruptions in the sea-bottom topography due to dredging, breakwater
construction, orlandfill can be assessed. In practice, you must draw a s¢parate refraction diagram for each
major direction of wave attack, using appropriate-sized waves. The absolute magnitude of the wave
influence on shore, then, is a function of the magnitude and frequency of a given sort of wave train.

. The wave parameters of particular importance to us are their period, their length, and the angle of
mcidence of the wave fronts on the shore. Field observations are complicated by the fact that we rarely see
only a single set of waves. Normally, several major wave trains with different charactenstics interfere with

’ ot reinforce one another. This is why surf-riding tradition holds that every seventh or ninth wave is larger.
There 1s nothing magic about the number, of course. In effect, that “larger’” wave represents the cumulative
effect of the various wave trains present. When graphed, the data in Figure 11 reveal two sets of waves with
very different penods. To distinguish the various components of the waves at a study site, one must tecord
every sigmificant wave crest and trough over an appreciable time periqd -at least 3to 5 minutes. In Figure

11, 1t 15 left to you to plot the water-level data and then cennect the points with a smooth curve; this
should enable you to distinguish the two sets of waves. ; .

. As with tides, there are many automated and expensive devices for recording waves of vanous sorts,
byt a simple graduated staff 1§ adequate, and tide and wave observations can often be made simultaneously
. from the same staff. For wave measurements, the staff should be installed 1n water somewhat deeper thdn
the extreme low-tide level. This position should defimtely be seaward of any regularly breakingagaﬁve: At
convenmenit intervals during the time of an estuanne study, a team should occupy the wave-observasdn
station and record the héight and tir‘ne of 100 consecutive waves. If possible, it is also good to record the

.
Il
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angle of incidence of the wave fronts as they approach the shore. These must be observed some distance
offshore because of the refraction they may undergo in shallow nearshore waters.

A team of at least three 1s required to make wave observations by this techmque. One person, wath
binoculars 1f necessary, must watch the wave staff and call out water levels to the nearest tenth of a meter.
At the same time, another observer with a good, sweep-second-hand watch or a stopwatch must report the
time of each observation in seconds. The recorder must note the data carefully and keep track of the count.
It will take some practice before useful data can be obtained with this technique, and in particular you
must learn to ignore the noise produced by the small waves. These are usually of local ongin and rather
chaotic, they contrnibute little to mixing or transport phenomena 1n the estuary, but they can make
observation difficult. .o : N N

When the data have been collected for a station, graph the results as water level against time, and
select the more important wave trains. From the graph, you can determine the period T 1n seconds for the
waves and then calculate the wavelength L from the relationship :

C l -
[ =— . P

T

where C. the velocity of the wave train, 1s given by

C=+gd . y .

Average water depth at Jhe observation point isd, and g is the acceleration of gravity. The wavelength may
then be used to determine the depth to which water mixing due to wave motion is an important factor in
the estuanine or oceanic arculation, This thickness of water is approximately equal to L/2.

Direction and intensity of longshore water drift due to waves can be most casily observed by using a
neutrally bpoyant float that can be tracked along the shore. One of the most satisfactory floats of this soft
is an overnpe orange or grapefruit. It is easily seen and followed from the shore, and 1ts density 1s very close
to that of sea water. Routihely, if there is longshore movement, the drift of such a float should be timed for
a measured distance along the beach—ideally at least 50 meters. If the float 1s rapidly washed ashore and
stranded or remains at 'one place, the longshore wave-induced current can be regarded as neghgible.

Study Suggestions

1 If you have not done so, plot the wave record on Figure 11. Identify the two principal wave sets
by their'periods, and calculate the wavelength and the depth at which these waves would begin to
be refracted. These waves are already 1n “shallow”’ water.

2 On charts of your own areé,jdenlify the sections of shoreline most likely to be subject to wave
Aattack. g . .

3 For one section of your coastline, construct a wave-refraction diagram either using local data or
assuming a direction of propagation from the most open side and a period of 10 seconds.
Identify areas of erosion or deposition of sediment. _

4 On the same section of shoreline, introduce a mile-long breakwater normal to the shore, and

, construct a new refraction diagram. Where will the sites of erosion and deposition now lie?

b

Current Measurement

Currents are certainly the most imporwn physical processes at work in estuaries. They exist in three
dimensions throughout the entire system and are produced by several factors. The flood and ebb of the
tides usually produce the greatest currents, but there is often a residual gravity-driven flow of river or
stream water, and wave- or wind-driven currents may have considerable local influefice. Currents often
change both velocity and direction with depth, and it is by no means uncommon to find surface water
flowing out of the estuary while deep-sea water flows in. .

Of the two basic approaches to current measurement, one is passive (measuring the current flowing
past your point of observation), while the other is active (putting something into the water and following

its trajectory). Often, oth approaches must be used to gain a comprehensive viéy of estuarine circulation.
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A trajectory study of water circulation 1s mechanically very simple to conduct. Al that is necessary is
something distinctive that will travel with the current and can be observed along its route or at its final
destination (Fig 12) A famhar example of this approach 1s the traditional note 1n a bottle produced by
shipwrecked (or bored) salors For an integrated record of average surface currents away from a given
location, the dnft-bottie or dnft-card techmque 15 quite useful. This 1s fundamentally the technique
suggested earlier for observing currents in the alongshore dnift area of beaches The greatest problem with
the techmque 1s the uncertainty of recovery. To get any information you must use many bottles and must
trust to casual fishermen or beachcombers for-their return. Since the technique depends on recovery at the
shore, 1t can only be used for surface currents

In practice, a consnde{glble number of bottles must be obtained and should be rather distinctive -
perhaps painted brightly so that people will notice them. Inside the bottle, place a return questionnaire
postcard (Fig 13) and enough sand or other weight so that the bottle floats with only 1ts top above water.
Cork or seal the bottle securely. A modern variation of this techmque employs plastic bags or ‘envelopes
instead of bottles. These have the advantages of hght weight and portability, and they eliminate broken
glass on the shore Experiment with freezer bags to develop a good weighting and sealing technique The
heavier polyethylene bags used for freezer storage usually prove most satisfactory. The cards should float at
the surface but should expose as lhittle area as possible to catch the wind. A few small washers usually
provide enough weight, and seahng with a moderately hot household iron 1s usually satisfactory Each card
in such a drft survey should be numbered, and the numbers and locality recorded when you release them.
On recovery, map time and place of release artd recovery to show an average surface drift pattern and rate

A somewhat different approach may be used in the trajectory system. Instead of leaving recovery
entirely to chance, you may choose to follow directly the movements of a float of some sort Such a float is
called a drogue and may be used to study either surface circulation or currents at depth For surface-water
movements, you can use any sort of cqnvenienl float, weighted like the dnft bottles to float at the surface

The drift can illustrated in Figure 12 1s a sealed 1-gallon gasoline tin. To mark the drogue, attach a mast and .

an easily spotted_flag Since you want to mimmize wind effects, one of the most practical marking systems
s a wire mast, made from a straightened coat hanger or wire of similar gauge, with a flag of light-weight
material painted with a bnght UV fluorescent paint such as Day-glo orange or red To measure currents at
depth by this techmque. build a simple current cross of plywood, weight 1t with an old sash weight or a
similar object, and suspend it from a small float at the depth you wish to monitor A typical current cross
might be a half meter square. The float and suspendihg line should be as small and streamlined as possible to
reduce drag. Since the surface area of the cross1s much greater than that of the suspension sysiem, this sort
of drogue will move with the deep currents. Normally, drogues are released at slack water at critical points
within the estuaty and their movements checked perniodically by sextant angles or comp:fss bearings
Routinely, several floats will be set from one site to trace currents at various depths simultaneously The
drogues should be numbered so that you can identify individual paths.

To gauge currents directly, there are two techniques that do not require expensive equipment Both
must be used from a fixed platform-—either a pier or an anchored vessel. The Mrrent-pole method 1s an
adaptation of the old chip-log system of measunng sﬁlps‘ speed, and 1t 1s still used by0 the Coast and

—

CURRENT
CRo%S

DRIFT BOTTLE DRIET CAN

DRIFT CARD

FI1G. 12 * Types of free-trajectory current-measuring devices.
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ATTENTION! No.__. ‘
v This drift card has been released as a part of a study of water

circulation. Please answer the questions and drop this card in

the mail. If you provide a return address (on the other side) 7
you will be sent the tlmé and place of release. ‘
' THANK YOU! :
DATE AND TIME FOUND, )
' 'PLACE FOUND (be specific)___ -
ANY SPECIAL CIRCUMSTANGES? %

Name: ¥ ) . .//
Address: </{y¢ N
S,

Environmental Science Study Group
Department of Geological Sciences
Kenat Peninsula Community College y .

‘ P. O. Box 3961 . *
v Soldatna, Alaska 99426 U.S.A, -

. FIG.13 Samplednftcard.

>

Geodetic Survey. The other technique, developed recently by John Foerster, measdres the amount of
deflection of a biplane drogue similgr to the current cross. ‘

The standard current pole/ used by the Coast and Geodetic Survey is about 15 feet long and is
weighted to float upright with only a foot showing above the surface. It is attached to several hundred feet
of light buoyant line of the type that is readily available from marine-hardware stores. In practice, the pole
is released and allowed to drift far enough to te beyond the effects of any local turbulence 'caused:by the
boat or pier. Then the line is marked, and the pole is permitted to drift freely for a convenient time
interval. When the pole is recovered, the amount of line carried out is measured. For a 1-minute intgrval, a
distance of 6080/60, or 101.3, feet represents a current- velocity of 1 knot. If you are working in the:metnc
system, the calculation is even simpler; usual units are meters per second. Subsurface currents may be
measured using this device like the drogue and float of the current:cross system. The direction of the
current is determined by taking a compass bearing on the current pole at the end of its movement.

JThe Foerster technique eliminates the 'need for handling sses of line and is particularly
well-adapted for use from a small anchored boat. Like the current cross, this technique also employs a
biplane, but it is weighted and suspended from a measuring board equipped with a level bubble (sqch asa
plumber’s level) and graduated in a protractorlike arc (Figs. 15 and 16). The biplane is lowered to the
appropriate depth for the measurement, the board is carefully leveled, and the angle of deflection produced
by the current is read (Fig. 16). However, you must be sure your boat 1s not swinging at anchor when you
measure the deflection angle. -

The angle of deflection § of the biplane drogue is related to the current velocity V, expressed in
English units (feet per second), by the expression

_ tan g ), Y
V=092 /‘;A ‘ -

v
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FIG.15 Deployinga bnplar;e cusrent drogue from an anchored ship. The sash weight attached below the biplane keeps
the unit vertical. - .
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FIG. 16 Taking current measurements with a biplane drogue. A carpenter’s level js mounted on the handle next to the
measuring board. A water-sampling bottle and extra biplane are stowed in the bows.

-

where W 1s the weight 1n water of the biplane (1n pounds) and A 1s the exposed arca of one “wng” of the
biplane (1n square feet). Values of }” can be converted to knots by multiplying by 0.59, or to meters per
second by multiplying by 0.305. For a given size and mass of biplane, tables or graphs of*current speed as a
function of deflectibn angle can be prepared for use in the field. Weight in water 1s most easily measured
wx}h a fisherman's scale when the apparatus 1s n the field. The biplane drogue has pr0\;ed remarkably
effective 1n use, and it permits rapid, inexpensive determination of current profiles. A convenient version
can be made from two sheets of plywood each roughly 10 X 20 centimeters, weighted with steel angle 1ron.
The size and wesght of the biplane can be varied to suit the study, larger surface areas will produce a device
more sensitive to gentle currents but more awkward to handle on a small boat.

L}

Water Sampling .
Adequate water samples for analysis are not easy to obtain. At the surface, a clean bucket will serve, but
the ‘collection of uncontaminated samples from kndwn depths can be quite difficult. Even sending a diver
down with stérile bottles is not ideal, for his presence may disturb the waters, or his technique may produce
contamination. Ideally, for estuarine work we rieed samples of water from the surface, the bottom,and a
number of points between. Usua'lly, 1 or 2 liters is an adgquate volume for simple chemical or biological
analyses and for determining the physical characteristics of the water column. Although perhaps obvious, it
bears repeating. It is very important to know the precise depth of sampling and to be sure that your sample
is being recovered unmixed with waters frém above or below, for oceanographic studies in particular we
must determine the temperature and salinity of the water at known depths. ' S

.
.

’ v

L.
¢ In standard oceanographic work at sea, the Nansen boitle 1s used. This is actually a,‘prc‘:cisicm:F

mstrument maghined of brass and designed to be lowered open td a predetermined depth,whe? it osed
by a messenger weight sliding down the wire. Special thermometers attached to the bottles register the
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temperature at sampling depth. The salinity 1s measured by chemical or electrical techniques on the water
sample recovered These instruments are expensive to use in terms of both money and time, and they tend

- aswell to be very clumsy for sinall-beat operations in estuanes. . .

A simiple water sampler that 1s cheap to build and perfectly adequate fog shallow-water operations 1s
shown tn Figures 17 and 18. This water bottle 1s made from a section of 3-inch internal-diameter tubing
(preferably clear, as shown, but opaque PVC can be used) and two rubber balls or the ends of plumber's
helpers that are large enough to serve as plugs. In the example figured, the cups from plumber’s helpers have
small steel eyes screwed into their tops and bottoms, and they are ngged as shown. A piece of rubber
surgieal tubing, obtainable from any pharmacy, or shock cord is attached to the handle side of the plugs,
and loops of light, sturdy Line.are attached to the eyes on the cup side. The length of surgical tubing, which
1s run through the plastic tube, 1s adjusted so that the plugs are firm]y seated in each end of the cylindes.
Then the lengths of the loops are arranged to hold the bottle open held, as shown in the figure, by a light
toggle When sampling, the bottle 1s attacied to a piece of line (nylon parachute cord 1s convenient) above 4
weight. The cocked bottle 1s lowered to the predetermined depth, and the trigger line 1s jerked sharply to
withdraw the toggle and collect the sample. A'cergam amount of experimentation is necessary to develop a
reliable toggle, we use a smoothly sanded wooden peg. Usually, you can feel a bump on the hine when the
bottle samples successfully, The bottle 1s attached to the sampling line with several turns of black plastic
electrical tape—one of the true necessities of modern oceanography.

With the water sampler, you can collect reliably to depths as great as 100 feet, but with increased
depth, there 1s more .opportunity for malfunction. Fortunately, id most estuarine work you are concemned
largely with the shallow waters. Ideally, one should take a number of samples simultaneously, but this has
nut proved convenient with this apparatus. A number of:bottles can be lowered senally, but triggering these
1s very awkward if you use individual trigger lines and almost impossible if you try to use one-trigger line.
Instead, 1t 15 usually easier and quicker to anchor and take a number of samples successively at the station,
using 2 single bottle-and set of line.

“An improved model of the basic water samplef can® be triggered remotely by a messenger weight,

. ehmmatmg the need_for multlple liftes from the surface (Figs. 19 and 20) The messenger 1s a shackle or

warabiner weighted® w:th 4 lead sinkér that can be shipped down the main line when the bottle 1s at samphng
depth. The xrhesstxpfger pulls the thgger line taut, extracting the cotter pin and thereby actwating the
sempler. Slmultqneous multiple water samples can be collected using this version of the bottle. Messengers
are looped on ghe mam line beneath each sample bottle and are attached to the lower plumber’s helper with
hight string in sticlr a ‘Way that they come free-when the bottle 1s triggered. Each messenger then triggers the
bottle beneath 3 Usually you feel the thumps of the successive bottles functioning and tell if there 1s a
multum.t-roﬁ When thxs occurs, a_ violent Jerk on the line often releases the messengers, and samphng
proceeds. p
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[ ' ‘ FIG. 17  Surface-actuated water-sampling bottle.
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FIG. 18  Close-up of a water sompler. A full-tmmersion thermometer is taped to the inside of the tube.
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FIG. 20 . Rigged water-sampling bottle—messenger-triggered model.

- ’

A very simple but often satisfactory water sampler for shallow depths is the Meyer bottle. Take a

- half- or quarter-hter bottle with a ground-glass stopper, and attaci it-with plastic tape to your samphing line

just above a moderately heavy weight. Above the Bottle, leave a slack loop of samphng line, then half hitch
the line to the stopper. In use, the Meyer bottle 1s lowered empty with its stopper in place to the desired
synphing depth, ‘then the line is jerked to unseat the stopper. The bottle fills with water and is raised to the
surface. There should be litfle exchange of water during rapid recovery, and the sample will be
representative of the desired depth. Such bottles are particularly useful where a rapid succession of samples
1in very shallow water is desited. At depths greater than 10 to 15 meters, it becomes difficult to be certain
that the bottle has functioned correctly. ~ -

Samples of water close to the bottom are often desnrable and a variation of the basic water bottle has

* been developed to collect them (Figs. 21 to 23). A small rectangle of plywood is firmly attached to the

¥

bottle with plastic tape. On this plywood frame are two guides for the trigger and a metal trigger rod witha
hook on one end, a shoe to contact the bottom on the other. The loops from the bottle plugs are secured as
shown ip the  sketch, retained by the hook that bears on a small shelf attached to the frame. A piece of old
pipe on the trigger. rod adds’enough weight to prevent accidental activation. In practice, this apparatus is
quick and eas$™o use, and the samplipg depth above the ‘bottom can be adjusted by the length of the
trigger rod. A large plywood or metal plate mounted as ashoe on the trigger is often useful to ensure proper
operation on soft bottoms; it should be perforated to reduce drag in tt;g water.

.

Water Analysis -

The most critical water data in estuarine studies are temperature and salinity, but tests for other attributes
such as dissolved oxygen, bacteria, and nutrients may also be desirable. Many complex techniques have
been developed to determine these parameters, but.in estuaries where water characteristics change
drastically, relatively unsophisticated and inexpensive procedures tan be followed.

3 «

-

For temperature, a fullimmersion thermometer is attached (with the ubiquitous vinyl tape) to the 1n-
side of the sampling cylinder as shown in Figure 18. Before triggering the sampler, allow a moment for the
thermometer to equilibrate. Then bring up the bottle, and immediately read the thermometer. Ideally, it
should read in tenths of degrees from +20 to —5°C. Some error is introduced because hydrostatic
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FI1G.23 Lowering the bottom-water sampler from a small boat. {Kneeling on the rail is not a recommended technique .

when working in rough waters.)
L _
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compression of the glass of the thermometer produces a shghtly high reading, in estuarine work this can be
neglected. Sahlnity —dissolved salts in the water-1s most conveniently measured by its influence on density.
Inexpensive sets of hydrometers, calibrated to measure salinity, are available from most scientific supply
houses. They may be used in the field (see frontispiece), or with more precision in the laboratory if the
samples can be stored and carried back. -~

The dissolved-oxygen (DO) content of the water is also important, particularly in studies related to
pollution. If you are going to run DOs, the subsample for the DO should be drawn from the bottle first,
being careful to avoid bubbling through the water. For this purpose, it is useful to pierce the sampler and
attach a small plastic stopcock or a drain tube to which surgical rubber tubing can be fitted. (Note the base
of the bottle in Figure 20.) To draw DO samples, put the end of the tubing in the bottom of the sample
bottle, release the drain valve, and gently ease up the upper seal on the water sampler, permitting water to
drain gradually, without turbulenge into the subsample bottle. Measurement of DO is by the relatively
straightforward Winkler procedure, which is described in standard water-analysis manuals, such as Renn
(1970) or Strickland and Parsons (1965).

Once temperature and salinity have been determined, water samples are available for further analysis.
In a study of sewage pollution, for example, a fraction of each water sample should be plated and cultured
for colon bacteria. The quantities of dissolved oxygen and various nutrient compounds (phosphate, nitrates,
and the like) can also be determined if facilities are available. Be sure to conduct any additional testing
quickly, though, for the character of stored water changes rapidly as the inevitably included bacteria
flourish.

Tracer and Diffusion Studies
A very flexible technique for evaluating currents'and mixing effects in a limited area, such as a bay or lake,
utilizes a tracer dye. The dye is released at the particular point of interest, and its direction and rate of
dispersal are monitored. One of the best tracer substances is the organic dye rhodamine-B—a nontoxic,
extremely water-soluble, purple material that is very strongly fluorescent under ultraviolet light. From the
visible light produced under UV excitation, highly diluted rhodamine-B can be readily detected in fresh or
salt water; it is still recognizable.even at concentrations in the parts-per-billion range. Other dyes available

~ include those in surplus air-sea-rescue dye-marker packets which comprise various substances-including
rhodamine-B. If such dyes are available, experiment with them. L
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Equipment required for a tracer survey is quite simple. Besides the small workboat, charts, and
navigation gear, you need only a supply of dye, a small battery-powered ultraviolet lamp (the prospector’s
type 1n long-wave UV is preferred), a set of reference standards for different dye concentrations, and 3
small ightproof working space, such as a large phatographic film-changing bag. Before your survey, make
up a series of standard-concentration bottles of the tracer dye in naturat water from the. working area A
convenient dilution scale is logarithmic, with a series of bottles running fr’m one part per hundred to one
part per billion, by weight. Use small, easily sealed bottles such as plastic pill vials, but make certain the
vials are not already UV-fluorescent. Mount the standrds™in a frame small enough to fit (together with
your head and hands) into your improvised darkroom. . :

To conduct a tracer survey, first carefully select the point in the estuary or lake from which you want
to measure dispersal, and then select appropriate tide ahd weather, conditions. Mix several kilograms of dye
with water—preferably water of the same temperature and salinity as that of the effluent or other feature in
which you are interested. Then introduce the dye, either at the surface directly from your skiff or at depth
by-4 diver if you are studying deep circulation. Next, start to cruise a regular grid around the dispersal
point, trying not to artificially spread the dye with your. own wake, and carefully record the time and
position for each sample you collect. Surface samples can be taken with a bucket, subsurface most rapidly
with a simple sampler such as the Meyer bottle. As samples are collected, 2 fraction of each should be put in
a vial ssmilar to those in your reference-standard set, and with his head in the “darkroom”” the observer can
wpmediately estimate the order-of-magnitude dye concentration in the sample. Mark this information on
your working chart together with position and time. As the survey continues, extend your sampling grid
progressively farther and farther in the direction of dispersal as shown by the higher fluorescence, until you
reach such low levels of concentration that reasonable estimates cannot be made.

Back in the laboratory, the data from the tracer survey should be posted as a time series of charts,
showing direction and rate of dispersal at some convenient interval. Ideally;€urrent measurements will be
made at the same time by drogue or current cross; this information should also appear on your charts. The
time series of charts showing the movements of your dye plume should now provide, an” excelfent
semiquantitative picture of water or effluent movement under the ambient conditions. To do a
comprehensive job,.the survey should be repeated under the various weather and tide conditions most
typical of your study area. These studies are particularly useful in predicting the areas likely to be
influenced by discharge from a projected sewage or industrial outfall.

MIXING AND FLUSRING IN ESTUARIES <

.

General Considerations

A most critical and poorly understopd aspect of estuarine oceariography is the problem of mixing
flushing rates. Clearly, understanding the residence time of the water and any introduced sediment or
pollutant is essential to any serious consideration of the circulation. The variabtés that may be considered in
estuarine mixing are formidable—basin geometry, tidal volumes and periodicity, runoff volumes, the relative
physical and chemical characteristics of the fresh wafer and sea water in the system, the behavior of the
pollutant, and«ggny others. Also, the physical mechanisms of mass-transport diffusion and mixing in such

>

~ fluid systems are really not well understood. Two basic approaches to mixing and flushing studies have been

tried, one depending on theoretical considerations and model studies, the other derived empirically from
field observations. Neither approach has proved completely satisfactory. The theoretical studies suffer from
the diversity of variables and the scale-factor problem—a true-scale laboratory-model estuary simply will not
run propedy if for no other reason than that you cannot alter the viscosity of the medium to match the size
“reduction; therefore, models are like a light post to a drunken man—more for support than illumination. On
the other hand, the empirical studies are always hampered by the sca(\city_,of observation points, both
-geographic and temporal; often in such studies you cannot observe the situation long enough to evaluate
completely even the noise level of your measurements, to say nothing of such critical estuarine influences as
the occasional but catastrophic storms that hit most coasts. The consequences of these problems in the
evaluation of estuarine mixing processes are widespread confusion and frustration, particularly among those
who must make serious economic and sociologic decisions about pollution problems. Essentially, they
demand to kiow—at least by order of magnitude (hours, days, weeks, and so forth)—the fundamental
housekeeping datum: “How long does it take to sweep the refuse under the carpet?”” Oceanographers and
engineers have rarely been able to answer this question: >

S
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Throughout our discussions of estuarine processes, we have generally avoided considering seriously
anything but the simple physical processes of water moyvement. We have scrupulously omitted the many
biological and chemical complications simply because they add so to the complexity of problems that we

2alseady find overpowenng. In this section, we will continue this approach and limit our considerations to
the simplest.and maost direct techniques, knowing full well that we can only produce crude approximations
of reality. Technologically and mathematically more sophisticated procedures are available for reaching
similar conclusions, but at the present state-of-the-art, the snmple procedures are as likely to produce
saffsfactory results as the most refined techniques. ~ .

+ .

Estuary-Volume Estimation

In all considerations of estuarine mixing and flushing, an essential bit of input data is the volume of water
involved. In effect, this is the volume of a very irregular geometric figure— the estuary itself-and to obtain a
value you As't determine and then sum the volumes of the basin segments enclosed within the bathymetric
contours OMethe best available chart of the estuary. These contours (isobaths) represent the intersection of
the bottom topography with plane surfaces paralle]l to some arbitrary datum, and because they are often
extremely irregular, it may be difficult to compute the areas of the segments they circumscribe. Routinely,
an expensive precision instrument known as a planimerer is used to mechanically integrate these areas, but
stmple techniques can provide useful approximations.

* ¢ . .

The simplest system for estimating the area of an irregular plane figure 1s counting squares. The figure
1s ruled off into a convenient-sized grid or traced onto graph paper, and thé complete squares and fractions
of squares are summed and then converted to trié area using the map scale. The figure can also be traced
onto top-grade heavy paper, which 1s then carefully cut outand weighed on a precision balance. Its weight,
compared with the weight of a Rnoyvn area cut from the same paper, also provides a quick approximation
of area.

The most accurate inexpensive technique for measuring irregular areas uses a simple tool known as a
hatchet planimeter, which can be made from a length of heavy, stiff wire, such as a coat hanger, reformed
+as shown in Figure 24. The legs A8 and CD should be identical in length—from S to 10 centimeters.
However, the arn® BC can be any convenient length, for most map work an overall length of 30 to 50
centimeters 1s adequate. End A should be sharpened to a fairly fine but rounded point. The other end D
must be hammered flat and filed to a sharp blade which should be oriented parallel to BC, as shown in the
sketch. End D 1s the “hatchet” of the tool’s name. When fabrication 1s completed, be sure that AB and CD
are still the same length.

To measure an irregular area with the hatchet plammeler draw a line tangent to the figure at any
convenient point-a line long enough so that the planimeter can be positioned with point 4 at the point of
tangency and blade D lying on the line. Then, holding end 4 like a pen, trace lightly around the figure,
letting the hatchet blade slide freely around the paper. The hatchet should either move freely only parallel
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FIG. 24 The hatchet planimeter and a sample plot.
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toits edge or act as a pivot, if 1t drags pdeways, there is usually an odd noise, and the results are spurious
After you have trat,ed all the way around the figure to your starting point, mark the final position of the
center of the hatchet blade. t the process two or three times until you have a tight\grouping of
-endpoint marks. Erect a perpe::%ular to the ofiginal fine of tangency through the averaged endpoint
position, and measure the length of this perpendicular at map scale. This value multiplied by the length of

) BC also at map scale, provides a close approximation of the area of the irregular fngurc The technique is

limited by the length of BC, for areas larger than (BC)? cannot be handled. Larger areas can be determined
either by making and using a plammeter with a longer arm or by subdividing. The proof of this procedure 1s
quite esoteri., but you can satisfy yourself of its utility by measuring and calculating the area of a figure
whose true area is already known.
To'determine the volume of an estuary, you may follow the simple procedure of guessing its average
~depth and multiplying that figure by 1ts area, or you may calculate the volume more precisely, as follows

-

1 With your bathymetric chart and planimeter, measure the areas enclosed by each isobath
For each depth.zone (the vertical distance between 1sobaths), add the areas enclosed by adjacent

isobaths, and divide by 2 to determine the average area enclosed in that zone. '
3 Muluply the average ar¢a of each depth £ by the 1sobath interval to determine the volume of
the zone.

4 Sum the volumes thus derived, making appropnate corrections for tndal complications and the
incomplete deepest interval.

Y

Calcufation of Estuarine Flushing .

A very simple crude approximation of estuarine flushing time can be made if you assume that there is
complete muxng and that all water entering with a nising tide mixes with the water already présent and’
exits completely on the next falling tide. In units of tdal cycles, the expression for flushing time F'is

4 e
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where L is the low-tide/basin volume and # is the volume at high tldp The value for flushing time thus
determined is a minimum figure; actual times are likely to be many times greater. The U.S. Navy
Hydrographic Office has developed~a »onsxderably more rational procedure to estimate flushing time in
estuanies. Based on the assumption that the net mass transport of estuarine waters is controlleddby tidal
fluctuations and river input, this procediire is designed specifically to estimate the rate at which an inert
pollutant would be dispersed from a estuary . It requires an understanding of the thermohaline stratification

in the estuary and knowledge of the runoff entering at its head. The technique can be.adapted also o
accommodate the often, seasonal condmon of reduced or absent river funoff. The remainder of this ~
dxscussnon is 9%ed on the Hydrographxc Office technique, for detailed discussion and derivation of terms
you must go to the original reference (Gibson, 1959).

The first step in this procedure is to examine the thermohialine stratification of the estuary. In most
estuares, there are two-active layers, as illustrated in Figure 25: a surface layer of mixed n.‘er water and sea
water 4 and a deeper layer of unmixed sea water B. (If a sill is present, a third layer of relatively stagnant
wager may exist which this.procedute ignores.) As discussed earlier, net circulation is such that there tends
to be” an overall inflow from the sea into the estuary at depth and an oytflow at the surface. This procedure
proceeds from the fundamental assumption that any pollutant introduced into.an estuary will rapidly mix
with the deeper waters, will be mixed upward gradually, and will exit with the surface waters. Such
behavior is typical of salinity, at least, in estuaries; the salt water mixes upward, but the fresh does not
dilute downward because of the density gradient. The two layers are separated by a “surface of no motion”
corresponding to the pycnocline. Over relatively long periods of time, the volumes in the two layers should
be relatively constant despite daily variation in tidal or river influences.

When the position of the boundary between the layers is‘established, the mean volume in the two
layers must be calculated. Next, one must calculate the net volume transport in the two layers. The net
input in layer B (Qp) represents the new sea water introduced in each tidal cycle (that is, the tidal prism):
The net outflow in the surface layer Q4 can then be expressed as
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where R 15 the measured amount of river water entering the estuary. If data are insufficient to determine R,
use the expression ¢ :

Q4 =a(Ugtg — Uptp) ‘ ' .

- where a 15 the area of the seaward boundary of the surface layer 4, Ug and Uy are the mean ebb and flood
currents, respectively, and g and tf the durations of ebb.and flood flow. The exchange ratios for the two
layers can then be calculated’ from the equations

=_‘QA and . rB=<—Q§'

.
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These ratios represent the fraction of volume A (r4) that is lost to the sea in a tidal ¢cycle and the fraction |
of B (rg) that passes upward into section A. A useful expression for the mean e):change ratio within the .
~ \

estuarine system is : ; ) k¢
A )
r = ——
2

- We can now state the fundamental equétion for volume of contaminant C remaining in a tidal estuary
after ¢ tidal cycles as . .

. ‘
v e wr w e e dm e e N
v EY . -«

) 11 . < tF B R
f C'= 40 =1g)f + B0 -

L=r -
This assumes complete mixing at high ude of each cycle and thus describes the systematic depletion of the
contaminant in the estuary»

In practiee, it is useful to draw a graph showing flushing directly as a function of tidal cycles. To do
this easily, the expression above can be simplified and the two water bodies treated separately to yield the

relations | -
Y, =034 m=—=12.. ‘ ‘ -
K N rA i
- and < "ﬁ ’
C Y =3 —— n=t=12,..
(1-n r '

These can be plotted on the same graph, with unit lengths on the abscissa corresponding to the reciprocals
* of their r values. The sum of the curves Y, + Y,, then, represents the concentration of contaminant
remaining in the estuary system after any desired number of tidal cycles. A typical plot of these curves (¥,
Y,, and Y, +Y,) is shown in Figure 26, where 4 is taken as 10 units, B as 14 units, 0 4 is 0.4, and Qg is
0.3 units. Th# ordinate, which represents units of volume, may also express the percentage of original
contaminated volume remaining, assuming there is 100 percent at £ =0 and O percent at the point where

. the flushing curves become asymptotic (parallel the abscissa).
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In embayments with no fresh=water input, a similar flushing curve can be derived, using an average

exchange ratio
H-L -

Tay H

"

-

where H - L is the tidal-prism volume and H is the high-tide volume. For flushing time in such embayments,
ryy is substituted for r and r4 of the preceding equations. ‘

Once flushing curves have been derived for an estuary, they <are simple to use. Regarding Figure 26,
one might ask, for example, how much of the original pottutant would still be in the estuary after 30 days
(60 tidal cycles). Reading upward from 60 tidal cycles to the curve, it is clear that about 12 percertt of the
pollutant would still be present—roughly 4 percent in the mixed layer and the remainder in the'deeper
water. The actual concentration in physical terms could then be computed from the original volume of
pollutant and the known volumes of the two reservoirs. N~ ’

3

POSTSCRIPT -

You have now been exposed briefly to varied aspects of estuarine surveys. Throughout, emphasis has been
on practicalities and simple approaches to the complex problems you will encounter. Most techniques,
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except the flushing computations, are equally applicable to limnology—the study of lakes. The flushing of
lakes 1s another very pootly resolved problem, for 1aKe waters often mix completely only in the winter, and
so, in effect, you must substitute “yearly” for “tidal” cydles. Hente, pollutants can build up much more
rapidly to dangerous levels in lakes, where their removal Jis more likely to be by chemical or biological
reactions than by the simple physical mechanisms stressed for estuaries.

The next part of the module is an exercise based an a hypothetical class study of an estuary. Its
purpose 1s to provide dry-rﬁn practice for those who do not have a readily available estuary, and it includes
both the data and something of the circumstances under which estuarine surveys are conducted. The
information is not complete, but in the real world significant decisions are made every day on the basis of

" less comprehensive studies than this one.
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HYPOTHETICAL BAY-A
' MODEL" ESTUARY IN
THE MODERN WORLD

[ >

INTRODUCTION

Hypothetical Bay is a delightful, small estuary located on the west coast of a continent (Fig. 27). The
climate is temperate and the countryside is rural. The vicinity boasts relatively little “development” (no
industries), but there are grandiose plans for the improvement of the entire region. The master plan for
Hypothetical Bay includes a moderate-sized oil refinery, some related chemical industries, and possibly a
small nuclear-power generation facility. The local unemployment situation is such that thcre is strong
pressure from the Chamber of Commerce to develop the bay aréa immediately.

The bay is 5 or 6 miles long and extends westward from tide water on its tributaries, North River and
South River, to empty into the ocean. Runoff from the two rivers is considerable at all seasons, and an
appreciable tide, dominated by the semidiurnal component, has a spring range of about 14 feet. Weather is
usually equitable along this coast, but there are equinoctial storms. Because of the relatively’ high and -
consistent runoff, circulation within the estuary is of the salt-wedge type, with a lens of brackish or fresh
water overlying deeper water of normal salinity. .

The characteristics of Hypothetical Bay will be provided in a ' following section as raw data- precisely
the sort of information that might be obtained from a student baseline project on the estuary. This
material must be appropriately comected, plotted, and interpreted. The study of Hypothetical Bay can
serve either as a substitute or as practice for the study of a real estuary. Minor features have been simplified,
but the general problem is as complex as a natural estuary, and, in fact, most of tllg.data presented have
been collected in real estuaries by college students. You are advised that there may be errors or
inconsistencies in the field data—just the sort of errors that may occur when you actually go out into the
field. You will have to decide what are acceptable data, and in some situations you will be forced to use
information that is not strictly consistent with your preconceptlons Statistically indefensible assumptions
will have to be made, at least on a trial basis, dunng the analysis of these data. Beware!

THE‘ MASTER PLAN FOR HYPO BAY

Hypothetical Bay lies in a broad coastal-plain region over a hundred miles from any large city. The
countryside is gently rolling, with a well-established economy based largely on dairy farming and poultry
production. Woods, second-grow th mixed-deciduous forest, are widespread but are used only as woodlots;
there is no commercial lumber production in the vicinity. There is, however, commcrcnal clam, crab, and
lobster production from the bay area and the adjoining shelf, but there are nq large ‘processing facilities. In
terms of money, the most important local industry has been the digging 8f clams, which are iced and
shipped for gourmet consumption. These clams come from the broad tidal flats at the head of the bay and
along the north shore. The local species, Venus hypothetica, can tolerate a very broad range of salinity

-
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‘ conditions but not high water temperatures. If winter temperatures rise above 16°C or summer

. teinperatures above 22°C, the clams’ reproductive cycle is disrupted seriously. In the past, they have proved

| to be m;ulcr.mt of sewage, and they are not now found close to the village. In recent years, many

yacationers have come tu the areq, buying up shorefront property but not significantly altering the regional

economy. Some sport fishing is condugted from the village of Hypo Bay. A railroad and a fairly good road

/ system connect the area to.the neighboring metropohtan area. The present year round population of the

. village is about 2000, while that of the entire regidn_is no more than 10,000, perhaps 2000 additional

residents come for the summer. Domestic waste-disposal systems are simple either septic tanks or

raw-sewage outfalls leading into the bay. A" considerable population of waterfow] feeds and nests in the
vicinity.

== . A massive multiple-use, plan for the Hypothetical Bay region has just been made public. This has been

under study for a number of years by local, state, and federal planning agencies, and the final integrated
plan 1s now open for discussion. The principal features of the planned development are: )
. x

. 1 A petroleum-<chemical industrial complex to be located just east of the village. This complex will
include dock facilities for small tankers and,freighters (for which extensive dredging will
probably be required), and a central plant close to tidewater for cooling and (limited) disposal of ,
wastes.

2 A nuclear-power generation facility to be bullt south, of the bay, probably on the headland near
the lighthouse. Both intake and outfall for the power-plant cooling water would be some distance
offshore.

3 A large shellfish cannery (to permit local processrng) planned for the village itself.

- 4 A super highway (to service the anticipated development) to connéct Hypo Bay wrth the
metropolitan area and a full-sized jet airport to be located inland. .

The plan has been discussed in an excited fashion by factions both favoring and opposing
development.” The proponents (lcd by the local Chamber of Commerce) emphasize the creation of sorely
needed new jobs and. a viable tax base to finance schools, roads, and other badly needed local
improvements. The opponents (including many summer residents of the Hypo Bay area) cite the (assumed) .
destruction of natural environments and the consequent degradation of the local quality of life. As it
happens, environmental impact statements related to the plan emphasize the sociologic aspects of
development. There is virtually no information available on the local oceanography, and all estimates of the
physical and biological’ impact of development are conjectural. A series of hearings has been scheduled to
be held 1n about 6 weeks to discuss the problem, and a temporary injunction prohibiting arly construction
until after the hearings has been obtained by a national conservation ‘society. Stadies funded by the
conservation groups, as well as by state and federal agencies and by the petroleum and nuclear-power
N corporations, have been hurriedly initiated, but all of these groups seem to have some clearly indentifiable
L - special interest.

~

" ~ CLASS STUDY OF HYPO)):BAY . : \

All the planned studies of Hypo Bay are being conducted by groups who have very definite preconceptions

ether for, or against development. Your class in environmental sciénce decides to do within the brief time

- available its own study of the area and to prepare its own recommendations for development. Data
collection and reduction must be done in the space of just amonth, using homemade equipment, borrowed
open boats, and the limited faulrtres available in the laboratory. (Equipment is described in the first part of
the module and in Appendix A.) It i is understood from the start that some sort of compromise development
plan will probably garn acceptance, so it is decided to attempt to consider, in thefinal analysis, all possible
combinations. '

' - Affer discussion, it is decided that the field work must include:

. 1 Careful sounding of the bay to permit preparation of a bat}rymetric chart . .
. ., ' 2 Observation of tidal-current pattemns and velocities
33 Careful determination of the physical chgracteristics of the water column
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These data must be reduged to permit the production of maps. cross sections that can be used to
estimate the possible influence of the proposed developments on the estyary. The necessary plots will be

1 A bathymetric chart contoured at 2-fathom intervals

2 Cross and longitudinal sections of salinity and temperature at several sites within the bay

3 A map of tidal currents—especially direction and velocity as they might affect the contentration

or dispersal of any pollutants e

4 Some sort of “water budget” for the bay system depending upon inflow and outflow of both
seawater and river water : .

Urtimately, estimates of di§persal or flushing time for the system must be made, and specific
recommendations for the avoidance or amelioration of possible pollution problems must be formulated

( . \ -
. .

DATA COLLECTION AND INITIAL REDUCTION

Bathymetric Survey

The available nautical charts of the Hypo Bay area show only the anchorage near the village and a few
scattered soundlngs The first class pro_‘e«.t beginning on the morning of the sixteenth and using a botrowed
powerboat equipped with flashing-dial fathometer, is to copduct a thorough bathy metric survey of the bay.
Before starting out, several conspicuous landmarks are identified and a numbgr of temperary survey
markers erected at critical places around the bay. The locations of these are carefully marked on the base
map, an enlargement of the topographic map of the area, the low-tide line had already been drawn in from
aer1al photos taken at extreme low water (see the enclosed map). Starting the first survey run a little after
10 A.M., the schedyled time of high tide, two students at a time man the boat, one steering carefully-at a
set speed of about 5 mi/hr., the other reading and recording fathometer soundings at I-minute intervals-
thereby placing the soundings about 400 feet apart. Trading off the chores with others from time to time,
they work almost continuously until after 4 PM. (The tides during the projected 4- day period of the class
study are given in Table 3; the data collected are in Appendix B.)

Because the bathymetric chart is essential to much of the development of the study, the data in
Appendix B should be worked up first. To make the chart, the soundings must first be corrected for tidal
effects to a uniform datum, in this area the reference plane is Mean Low Water. To determine the changes
necessary, a tide curve for the time of the study must be made and each sounding appropriately corrected.
(The soundings and corrections for the first two survey lines appear in Appendix B.) Then the survey lines
must be drawn on your base map and the corrected depths entered at the proper locations. The cRart is
then contoured like any terrestrial map, at a convenient interval (2 fathoms -approximately 4 meters-is a
useful value). When you are satisfied with your depth contours, they should be traced from your working
copy to a clean version of the chart.

M &

- Q.
TABLE 3  Tides in Hypothetical Bay during Proposed Period of Class Study

- High Tides ) Low Tides .
*
. AM. PM, AM. : P.M. .
" Date Time Feet Time Feet Time Feet Time Feet -
16 Fri 0900 +12.0 2126 ) +11.9 0249 +0.4 1514 +0.;7
" 17 Sat 0950 +11.7 2215 +11.2_ 0336 +0.7 1603 +0.8
18 Sun 1040 +11.5 2303 +11.5 0428 +0.8 1651 . +0.9
19 Mon 1130 « , +115 . 2354 +114 0518 +0.9 1740 +0.9

Note: Standatd times—add 1 houy-for daylight time.
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R&stateq more explicitly, the initial data-reduction steps should be:

a Prepare from the data in Table 3 a graph of tidal heights for the study period. Label high tides,
low tides, slack water, and ¢bb and flow stages. Reproduce six of the tide curves for later use.

b From the raw bathymetric data in Appendix B, first identify specifically the times of each
individual survey run, }hen determine appropriate tidal corrections, and apply them to the data.

¢ Ona transparent overlay over your base map, plot the survey lines, enter the corrected soundings,
and finally draw the isobaths.

»

Water and Current Studies ) ‘

While the bathymetric study is in progress, other students set out to select and locate a series of standard
sampling stations. Arbitrarily, they choose 10 sites that provide good general coverage of the bay, and very
carefully they locate each site by sextant angles (see Table 4) and buoy it with a strong line attachedito a
solid anchor so that survey craft can tie on when sampling begins the next momning.

d Locate on your base mép the sampling stations. Tidal corrections haye been made for the depth

= at each station, and these soundings should also be entered on the cfﬁ't; they may assist you in
smoothing out the isobaths.
s \

Three boats, all open outboards, are available for class use; therefore, the class splits into three teams,
each comprising six or seven students, two of whom at least are thoroughly familiar with small boats. Each
team’ is responsible*for a series of observations through an entire lunar day at its assigned stations. To
handle the sampling afloat and perform laboratory and additional field analyses ashore, the class decides to
split each team into two approximately equal-sized crews, the crew afloat sthchmg with the crew ashore at
the end of each round of station sampling. .

Fach team has a base camp at which there are gas and oil for the outboards, food ard drink for the
crews, and some sort of shelter; Team A uses a shed on one of the piers at the village, while Teams B and C
camp near Markers 4 and 8, respectively. Asmuch as possible, the shore crews plan to run salinity analyses
(by hydrometer) on the water samples collected, record the tide heights and waves at the base camps, and
(during low tide) sample and tabulate the local intertidal and littoral creatures. Afloat, each team has a
single water-sampling bottle with thermometer, a supply of small plastic bottles, a biplane current drogue, a
magnetic compass, and several drift cans. Team C, responsible for the four stations at the head of the bay,
receives the only available temperature-salinity (7-S) probe, with 60 feet of sensor wire. Each team is
equipped also with a pair of portable CB transceivers in order to coordinate its activities.

While the most experienced boat handlers conduct the bathymetric survey and select and buoy the
sampling stations, the rest of the class practices with the equipment. It soon becomes obvious that to come
close to an ideal schedule, people will really have to move fast; so,the fewer the mistakes and malfunctions,
the better.

In theory, each sampling station is to be occupied eight times during the lunar day, at each slack
water and half tide starting with the 1050 hours high tide on the seventeenth. Whenever a station is
occupied, water samples are to be collected at the surface, at depths of 1, 2, and 5 meters, and then at
intervals of 5 meters to the bottom. Team B, in the center of the estuary, has the bottom-triggering water
sampler—also equipped with a thermometer. The sampling is to be conducted as rapldly as possible, the
temperature recorded immediately, and a sample put aside and marked for salinity measurement. Team C,
with the T-S probe, is to record the temperature-salimity profile at half-meter intervals to the bottom. As
soon as the samples are collected at astation, the team will run the blplane current meter at the surface, at
mid depths, and at the bottom. As time (and energy) permits, the drift cans are to be released and tracked
during the maximum-flow periods of the rising and falling tlde these cans are individually numbered so that
a release by one team ¢an be monitored by other teams. '

During the, actual sampling period, these procedures are followed:

1 Boat arrives at _station and is tied to the buoy; sextant angles or bearings are taken to make sure

the buoy has not dragged from position. . .

)
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TABLE 4 Sampling-station locations, Hypothetical Bay .
Inshore Survey Sheet
‘ * Observers: .
_ Vessels Date: Locality: Depth Indicator: Randall Sheet No.:
#2 16 June Hypo Bay Lead line Wright Tofl
Station Depth (ft.) Tide Sextant Angles * Land marks used for angfes”
No. Time (Corrected) Correction Left Right Left Center Right Remarks
1 - 26’ _— Co4ge34 52°26’ fight on village Flagpole #5 Lighthouse
jetty : s
2 - . 54' - 56°00'  56°38'  Marker #4 g Lo Mid<channel { - Tc4m A
3 = 18: - 560441 3 65004: " 1" ' " . iy . .
4 - 16’ - 54°46' 34°40' Flagpole #5 Lighthouse Jetty light *
5 - 64’ - 71°26' 42022 ;o - L e ; Team ‘B’
6’ - 48 - 40°52' 48°00 Lighthouse Jetty light Marker #4 ]
7 - i 15’ - *22°06' 26"14" . Fl\i’gpole #5 Lighthouse Jetty light  N. River Channel
8 - 4y - 2°36' 2406 3 " " -
’ ’ o ’ . ’ % Tcam C
9 - 58 - 54°22 52°52 Matker #8 Buoy #3 Marker #7 .
10 - 13 - 54°00° 17°10°  Matker #7  Buoy #6 Marker #8  S. River Channel
Do
' g o Ve /
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2 The water botte is mobiliz?g', and sampling comrhences. (When the bottle is at sampling depth, a
: minute is allowed for the thermometer to equilibrate; then the bottle is triggered and hauled up.)
Immediately upon recovery of the water bottle, the temperature is read and recorded; then a
. _ : small bottle (500 milliliters) is filled and labeled for salinity measurement, and another sample
) can be taken..The time the temperature is read is recorded as the sampling time. :
> 3 As soon as the last water sample has been collected, the biplane drogue is deployed. When a
consistent drift is observed at the desired depth, the aggle and direction (a magnetic bearing) of

(deflection are recorded. ' -

4  When current measugements are finished, the motor is started, and the b.oat‘ proceeds to the next
station. ’ o,
N,
With sampling well underway, it is discovered that a little over 2 hours is required for each team to
complete a round of its stations. This means that the teams must work almost continuously and there is -
often no more than a half-hour break between rounds—barely long enough for refueling, dropping off
. samples, and " chaniging crews. The class is extremely lucky in the weather, which remains pleasant, and in
their equipment: no major breakdowns occur in either the boats or the sampling gear. Teams A and B -
manage to complete their planned sequence of sampling, but Tsam C encounters difficulties and is forced
to abpreviate its observations. Its temperature-salinity probe functions very well until the evening when it :
begins to-produce erratic reafihgs. The manual for the device proves unhelpful, and after replacement of
the battery fails to improve ‘performance, operations are continued with a sampling bottle. Because it is
impossible for Team C to cover all its assigned stations without the probe, Station 10, in the mouth of
South River, must be abandoned. ‘ ’ \ .
/ At 1019 hours on the eighteenth, Team B completes its last current measurement and prepares to cast
- loose from the buoy at Station 6. All sampling data are in! (The data sheets are repraduced TwAppendixes J/
C to E, just as they were collected by the teams.) However, before, transforming any more data to more
. usable form a few comments are in order concerning the data themselves and the limitations of the : . =
sampling equipment. It is important to remember that the data have been collected hurriedly, under rather
awkward conditions, and that fatigue was a real problem toward the end of the study. In general, though,
they have been collected very carefully; so the major limitation on the accuracy of the study lies in the
equipment used. The thermometers used by Teams A and B can be read only to the nearest full degree
Celsius; that used by Team C to 0.1%0.1° C. The temperature-salinity probe can be read to 0.1°C, but
reproducibility is rather poor, and that data can be accepted only to +0.3°C. When operated as a
salinometer, limits of accuracy are 0.2°/,.. Below 5.0°/,,, the probe (which measures salinity as a
function of conductivity) is less reliable—with limits of *0.5°/,,. Salinity measurements by hydrometer are
accurate to +0.2°/_ . Owing to the problems of taking precise bearings in a small boat, current measure-
ments of direction are reliable to about 5°, and normally they have not been fecorded with more precision.
Deflection angles were read to the nearest degree and, therefore, may be as much as 0.5° off the true values;
thus, the derived current velocities may be #2 to 4 cm/sec, ignoring operator error. Because of boat motion
and other mechanical difficulties, observed velocities less than 15 cm/sec are not regarded as meaningfuk
The drift-can experiments were not a great success; only four have been observed more than twice. (The
data sheets for these are reproduced in Appendix D.)

MORE DATA REDUCTION

Resuming the transformation of data to more usable form, the current observations made with the biplane
. drogues can be reduced most easily by calculating enough points for each biplane to draw a curve of
. deflection angle plotted against current velocity. This has been done for one of the biplanes (Fig. 28). When
the curve for a particular biplane has been made, correct current velocitiesean then be read directly, from
the curve. The drift-can observations must be plotted as well, preferably integrated with the current
measurements. (The current data are presented in Appendixes C and D)

Although you probably already sense how to g0 about it, the following.stéps may help:
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FIG. 28 Temperature and salintty profiles for Station 5. Note that uniformity in waters below 10 meters and the
. difference between the high- and low-tide characteristics at the surface. :

s

Prepare calibration curves for each of the biplanes used in the current studies.

Calculate the current velocities using these calibration curves.

g Team A was responsible for Stations 1 to 3. Using one of the tide curves reproduced earher—in
step a—record the actual times of measurements on the tidal cycle. For each station, use a
different colored pencil. (This will allow you to evaluate more fully the meaning of the current
velocities.) The saméprocedure should be followed for the stations surveyed by Teams B and C.
{After completing this, you can—and should—form some conclusions regarding the nature of the
current directions duriyg high tide, ebb, low tide, and flood at each station.)

1

- o

The temperature and salinity data (Appendix E) can be processed in a number oavays. Initially, it is
useful to make up rough graphs of the basic information for each station. This has been done for several
series of observations at two stations (Figs. 29 and 30). These plots can be quite useful, showing the
temperature-salinity characteristics at various tidal stages, the degree of separation between deep and
surface waters, and the location of the thermocline, halocline, and pycnacline. Here in Hypo Bay, the
waters tend to be of two types—a surficial mixed layer with highly variable 7-S parameters and a deeper
layer that approaches normal sea water in its characteristics. At a given station, there is often a cyclic
change in characteristics depending upon the tidal-current influences, and clearly surface waters are ex- |
changed much more rapidly than deep waters. If the station data are plotted to a uniform scale on tracing
paper or Mylar film, comparisons at a station or between stations can be made readily.

4
\

The following steps may help you to reduce the 7-S data: , \

h  Add to the remaining duplicated tide curves the actual times of the temperature-salinity

. measurements—one curve for each team’s stations.

i Prepare temperature-salinity profiles that are typical at high tides and low tides. (The curves you
just modified will enable y&%\guickly find and compare equivalent measurements and arrive at

averag(proﬁles.)




SALINITY 10 '8 30 S ar ¥ 3 30 3% %o

ThMPERATUAR :" 3 14 15 16 17 /8 /2 20 _*C
0 1 @/ﬁ
fs i
s .
V)
x /104
§/._..-/'famemwe
o o HIGH TIDE o
15 4 Neen I'Ip
EBB Tibe
PM 116 '
204
v

FIG. 29 Temperature and salinity profiles for Station 9.

A Y
j Combimne the T-S profiles with the graphs of current characteristics for each station. (Upon
completing all of the preceding steps, you should know well the nature of the raw and processed
data.)

’- + -

The fluvial contribution to Hypo Bay must be estimated from the low-tide observations in the two
principal tributaries. To do this, determine the percentage of fresh water in the water column and the
average current velocity, and approxxmatc the cross-sectional area of the channel where the measurements
were taken, This is not a very precise technique but is the only method possible in this situation.

After the data have been processed roughly, “average” or “typical” characteristics for the various
parts of the bay can be defined. Looking ahead to the final hearings on the bay development project, it will
be necessary to discuss probable long:term processes in the bay Charts and sections showing the following
information would probably be useful:

c .

1 Cross sections showing water bodies within the bay (fresh, mixed, and salt)

Charts of current directions and velocities, possibly with hypothetical trajectories for effluents of
various sorts introduced at different parts of the system

3 Charts of stirface- and deep-water characteristics, and their observed vanablhty

e

A considerable amount of rather prosaic data reduction is ncceésary to produce these plots; if computer
facilities are available, their use would greatly expedite the process. ,
* I

PRELIMINARY SYNTHESIS

When all raw data have been processed, final summary computations and at least tentative determinations
of the critical parameters. must be made. Circumstances are such that you cannot count on the opportunity
for further intensive studies in the Hypo Bay area; so you must base your conclusions on the data already in
hand. Necessary operations will include:

1 *Careful estimation of the volume of the estuary at high and low tide to permit calculation of
maximum flushing rates. For a first approximation of Tlushing time F in tidal cycles, use the
relationship

L3
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where L is water volume in the basin at 16w tide and H is the volume at high tide. Co.mplcte
mixing i§ assumed, so F represents only the lower limit of flushing time; actual time is likely to
be. much longer. Refine these .computations, if time allows, using the Hydrographic Office
technique discussed in the first part of thé module.

From the tidal-prism volume H-L and the known inputs of river water (observations at low tide),
determine a water bydget for the bay, and extend this (on the assumption that you really
encountered “average” conditions) to produce a yearly summary of water volumes. The original

on which Hypo'Bay has been modeled was in a region with a strongly maritime climate and

45




comparatively little seasonal variation in runoff; for your study assume seasonal variations

corresponding to your local climate.
3 Assume various possible combinations of development in the Hypo Bay area, and then
prognosticate the possible results. Consider for each combination what measures would tend to

. minimize alteration of the environment. \

Based on this material, prepare a summary report with your own conclusions and recommendations
to be circulated at the hearings. Proceed on the assumption that some development is inevitable and that a
totally negative report will be rejected. Be careful to distinguish between your own actual data and
computations (“facts™) and your conclusions, which will uidoubtedly reflect sume of your vwn prejudices.

e
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APPENDIX A-1:
COMMERCIAL EQUIPMENT
USEFUL FOR CLA§S STUDIES

Sextant: The Davis Standard Mark III Marine
Sextant with instruction book, available from
Davis Instruments Corporation
857 Thorhton Stgeet
San Leandro, California 94577

(a cheap but effective plastic yachting sextant—
- well designed for small-boat work).”

Protractor: The Davis vernier-reading three-arm
protractor (translucent plastic)—also available
from Davis Instruments. This is not essential
but is extremely useful for plotting positions,”
bearings, and survey lines.

Compass: Any good-sized magnetic compass with
provision for taking sights is adequate.

Thermometers: Good-qualrty full-immersion
thermometers. are needed, reading to *0.1°C in
the =5 to +30°C_range. Armored thermometers
are preferred for obvious reasons.

Hydrometers: Routinely, these come in sets of
three instruments covering the salinity range
from O to 30%°/0o. They are available from
various suppliers including -

'

—-—

Ward’s Natural Science Establishment, Inc.
P.O. Box 1712
Rochester, New York 14603

Reagents kits: A wide variety are available from
diverse sources. An excellent selection of
materal is provided by Ward’s.and by

LaMotte Chemioal Products Company
Chestertown, Maryland 21620.

Salinometers, temperature profilers, and other

_ “Environmental Devices Corporation

black boxes: Most such instruments are too
delicate or expensive for routine class use, but
under certain circumstances they may be very
useful. Suppliers include:

Beckman Instruments, Inc.
Cedar Grove Operations

89 Commerce Road

Cedar Grove, New Jersey 07009

General Oceanics, Inc.
5535 NW Seventh Avenue
Miami, Florida 33127

Tower Building
Marion, Massachusetts 02738

Heath Company

Benton Harbor, Michigan 49022

(inexpensive temperature profilers and fatho-
meters)

Hydro Products SN
P.O. Box 2528
San Diego, California 92112

Martek Instruments, Inc.
879 West Sixteenth Street
Newport Beach, California 92660 (

T
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APPENDIX A-2:
SPECIFICATIONS OF

/ v
’ Biplane current drogue 1

Weight in water = 7 Ib.

Biplane current drogue 2
Surface area = 4 X 8in. =0.22 ft.?

Weight in water = 4 Ib.

48

Surface area= 12X 12in.= 1.0 ft.%>

CURRENT DROGUES
USED IN STUDY

Biplane current drogue 4

Surface area = 4 X 8 in. = 0.22 ft.2

Weight in water=5.21b. _
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APPENDIX C-1

Data Sheet 1 of 4
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" APPENDIX C-2:
~ CURRENT MEASUREMENTS
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Locality:

Vessel: ‘ Date & Time: Instrument: Observers:
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- Vessel: Date & Time: Locality: , Instrument:, ‘Observers:
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F Date & Time: * Locality: Iyuum-nu : Observeess
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1. Problems 1n Physical Geology, by George R. Rapp, Jr, and others. 1967, Jour Geol.
Education, v. 15, n0. 6, p. 219279,
* 2. Bibliography of Statistical Applications in Geology, by James C. Howard. 1968
(Reprinted with corrections, 1972), 24 p.
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edited by Peter Fenner and Ted F. Andrews. 1970, 22 p.
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Teaching Introductory College Geology by
1971, 38 p.
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' others. 1971, 79 p.
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Jr. 1971, 50 p.
*10 Papers on Low-Temperature Geochemistry, edited by Gale K. Billings, Robert M.
Garrels, and Jackson E. Lewis. 1972, Jour. Geol. Education, v. 20, no. 5, p. 217-272.
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