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SUMMARY

The University ofzsduth Carolina investigatioh undervauspicés of the NASA
TM. Announcement of Opportunity project is prbgreésing well and is on schedule.
Our on{y difficulty is associated with obtaining new TM scenes. The project
is presentlyiin its 7th month (formal starting date was 18 July 1986).

The main objectives of this 24-month study'are formulated around a

four-pronged work approach, consisting of tasks related to:

1) 1image processing and anaiysis of Landsat TM data;
}2) numerical modeling of circulation and dispersion;
3) hydrographic andvspectra1 radiation field samp]ing/ground truth data
co]]ection;' |
4) . épecié] efforts to focus the investigation on‘turbid '

coastal/estuarine fronts.

So far, we have made the most progress in task 2, numerical modeling of
circulation and dispersion of salinity and suspended sediments in Laguna de
- Terminos, México, and Lake Calcasieu, Louisiana, our two primary study sites.
We have examined three Landsat TM scenes received from NASA,Aand have carried
out pre1imihary ana]yéis'on two of these covering Laguna.de Terminos, Mexico
(ID#.Y5026915590),Vand,Lake Calcasieu, Louisiana (ID# Y5027416142): We have a
need for 8 more scenes. | A |

‘Ne are now preparing for the ;o]]ection of ground fruth data in Laguna de
Terminos. A 2-week sampling period has been scheduled for 8-21 March, 1986,
and we.have requesfed and hope to obtain a Landsat TM scene for this 1agodn

coinciding with our field data collection.



NUMERICAL MODELING

Most of our effort thus far has been allocated towards development and

implementation of the 27D, vertically-integrated, finite difference estuarine

tidal model (modified after: Blumberg, A.F. .1977- Numerical tidal model of

Chesapeake Bay. _QL Hydraulics Div., Proc. ASCE, HY1: 1-10) and
accompanying dispersion model. The gqverning equations of the hydrodynami§§
model are the global sha]]ow'water equations (Welander, P, 1957. Wind acfionAv
on a shallow sea: some genera]fzations of Ekman's theory. Tellus 9: 45-52.),
which result after vertical integration of the momehtum ba]ance.equations.
The equations'are unsteady, retain the non-linear field acceleration terms,
and include earth rotation, barotropi; pressure gfadients, wind sfress;
non-linear bottom friction,'énd'horizonta1 diffusion of momentum. Both models
ére driven by tides,'wind stress,‘ahd river discharge, and have the cépacity
_ to simulate vertica]1y averaged 1ongitudina1.and Jateral velocity patterns,
tidal elevation distribﬁtions, and concentratioh distributions/f]uxeé for
passive, cdnservative cbnstituehts.

| ‘The model results may be output as several different graphics products.
These iné]ude residua]Ap1ots of.water elevation, salinity, and suspendedv
sediment contours, and vectoral velocity plots of het (tidally averaged)
'velocities, Stoke's (tidal wave induced) velocities, and residual transport
velocities (net minus Stoké's). Each velocity representation may.be p]otfed
as either‘dimensioﬁal point veCtors'or non-dimensional streamlines. The
residual plots may be computed over any specified averaging period. For both -
‘ 1agoons, We averaged over'l‘diurnal tidal cycle (24.84 hr).. However, to
ensure that the computations have reached quasi-steady staté, it is first

necessary to run the simulation computations for at least 15 tidal cycles.
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Instantaneous valnes of water e]eVation, salinity, suspended sediments, and
velocity may also be p]otted for any given'time interval, and time series of
these va]Ues may be created at any number of'specified-grid_points and at any
desired sampiing rate. This time series uti]ity‘wi11 be used extenSiveiy when
~ calibrating/verifying the mode] with ground truth and Landsat TM data.

‘Both models are presently wonking Satiéfactori1y on bpth’Laguna de
Termines and Lake Calcasieu. We naVe eomp]eted several model runs under
"sinu1ated conditions for both 1agoon systems.

Four mode] runs have been comp]eted on Laguna de Term1nos, simulating the

m1xed ma1n1y diurnal tidal reg1me and 1) trade wind conditions with mean
river discharge; 2) no winds w1th mean discharge; 3) "norte" winds with mean
diseharge; and 4)_no winds and f]dod'discharge conditions. These conditions
~are representative of the range of Situations'known to occur throughout the
~ year in this regien The attached hénuScript (see Appendix I) describes the
hydrodynam1cs/d1spers1on mode] in full deta11, and presents the time- averaged
-resu1ts from the four simulation runs on Laguna de Term1nos
» Two runs have been comp]eted on the Lake Ca]cas1eu system, s1mu1at1ng
_.hydrodynam1c/d1spers1on cond1t1ons which may occur during 1) a no wind case;'
and 2) winds from the north at 360% and 10 m/s Mean d1schar§e values at -
the river mouths and diurnal tidal components were input for both cases.
Exampies of genenated graphics outputs fnom.the-Lake Calcasieu simu]ation runs -
are provided in the Appendix‘II.

| »The numerica1 node1ing is carried out on a VAX 11/780 under VMS. The |
computer is maintained by the Univensity of South Carolina Computer Services
Division. We access the machine interactively from terminals in the Physical

Oceanography Laboratory.



.IMAGE PROCESSING

A1l image processfng s being carried out in the Remdte Sensing
Laboratory of the Department of Geography. The equipment consists of an IBM
AT microcomputer with a 20 Mb hard disk, in conjunction with an ERDAS image
processing system and.ERDAS Digital Image Processing and GIS softwafe fkomAﬁ
Earth Resource Data Analysis, Inc. in Atlanta, GA; a 1600 bpi tape,driveg'and
a Modgraph Color Camera for the preparation of'instant, Polaroid 35 mm, 4-x
5", 8 x 10" negative and positive transparencies of the.CRT screeh.

Our - image aha]ysis has only receht]y begun in earnest'becéuse of prior
time commitments on the image pfoceésing system. So far, we have focused our
attention on two‘scénes,,one each of Laguna de Terminos (from 25 Nov'1984) and
Lake Calcasieu (from 30 Nov 1984). Our initial analysis consists of image
rectification, coﬁtfast stretching the data in each of bands 1 - 4, and
, pro&ucihg denéity-s1iced pseudo-éo]or images of éach of the single bénds, és |
well as sévera] differenf combinations of bands. We havelﬁot’yet'made
atmospheric corrections to the data, but plan on doing so.with the.next
requested TM iﬁage of Laguna de Termjnos; which ideally will coincide with our -
field sampling effort. Our next step ‘is to run the models using historical
_inﬁut data from the respecfive days of the two images, ahd compare ourv
model-simulatéd»susbended sediment.contours with co)or gradients derived from
the density—s1iced_images; We are not providing any samples of the image
éna]ysis wifh this progress report, but intend to do so in our'next.progess

report.



TM DATA REQUIREMENTS

At present, we have received from NASA the following Landsat TM data _

products:

1) CCT-PT, 024/039, 30 NOV 1984 (Lake Calcasieu), quadrants 3,4
2) CCT-PT, 021/047, 25 NOV 1984 (Laguna de Terminos), quadrants 1,2,3,4
3) CCT-PT, 019/047, 11 NOV 1984 (Chetumal Bay), quadrant 3

Tapes 1 and'z (Lake Calcasieu and Laguna de Terminos) are of high
quality, with zero cloud coverage overvtheA1agoon§, and only a few bad data
points. Thesé scenes are of excellent quélity for image processing and
anaiysis, However, tape 3 contains a high percentage of cloud cover and haze,
and it will be difficult to use {n our analysis.

The fd]]owing list of Landsat TM products_have beeh requested, but have

_not been received at this time::

1) CCT-PT, 016/037, 14 May 1984 (Char]esfon Harbor).
| We received the wrong tape from NASA (Chaf]eston, W.VA instead of
Charleston, SC), and have retﬁfﬁed‘it to be exchanged with our
initially requested scene. It ié ou%Iintentioh to use this image for
testing of hypotheses relative to the turbid coastal boundary layer

frontal structure.

2) CCT-PT, 021/047 (Terminos Lagoon), March 1986 acquisition.
Per telephone call to Maria Mackie on 22 ‘Jan 1986, we have been

promised a March 1986 TM acquisition of this path/row, provided the
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data are of good quality. For two weeks in the beginning of March, we
will be collecting fieid data from the lagoon. - Obtaining a scene from
this time period is therefore a critical component to our collection

of ground truth data for Laguna de Terminos.

CCT-PT, 021/047 (Terminos Lagoon), Jul-Sep 1985 achisition.

‘We ordered this acquisition on 26 May 1985, and were nqtified by Maria

vMackie of 2 scenes from September of acceptable quality. We ordered

these. However_wé have now been informed that NASA cannot obtain

these data sets for our use due to negotiations wﬁth EOSAT. This is
potentially a major loss to our research. We okigina]]y'anticipéted
and requested several hbre acquisitions of data from this study area.

We would like to have coverage of the "norte" season in'November, the

‘March dfy season, the September wet season, and one more season

coinciding with our field work.
CCT-PT, 024/039 (Lake Calcasieu), Jul-Sep 1985 acquisition.
On 26 May 1985 we ordered an acquisition during the above time

period, but have nof feceived.dny data.

B/W negative transparencies (TM band‘4) for each CCT ordered.‘

-We ordered these as an aid in locating our study areas on the tapes,

and to assess quickly the cloud coverage over the study sites. These
were ordered in 1985, but again, we have been notified that NASA

cqnnof obtain these'products for us.



We have been informed via Maria Mackie that, due to the recent change of
Landsat data ownershib to EOSAT, each investigator will now only recefve from
NASA at most 2 more Lahdsat TM CCT's for their research. We would hope to be
able to obtain 8 more scenes. In our_originé] proposal, we anticipated a need
for 12 scenes: ~6 from Laguna de Terminos, and 2 each from Lake Calcasieu,
Lagoa dos:Patos, and Lake Songk}q. In fetrospect, 4 scenes from Laguna de
A Terminbs is a reasonable compromise. Theréfore, at ]east'3’more additional.
TM scenes from Laguna de Terminos are needed to have Yépresehtations of the
major hydrographic regimes. We would also like to have one more image of Lake
Calcasieu and one full coverage each from Lagoa.dos Patos and Lake Songkla
(two adjacent TM scenes per area). We have not yet requested scenes from
these Tatter two areas but hope to do so in the near future when NASA can
provide us with more data products{ We are waiting for the launch of_the'
TDRSS-West to‘be abfe to specify a scene from Lake,Songk]a} | |

In summary, we W6u1d-idea11y Tike to obtain the following number of |

additional TM data products:

- a) Laguna de Terminbs: 3 scenes

b) Lake Calcasieu: 1 scene

~ ¢) Lagoa dos Patos: 1 coverage (area covers two édjacent T™ scenes)
d) Lake Songkla: 1 coverage (area covers two adjacent TM scenes)

e) B/W negative transparencies (TM band 4) for each of above CCT's.



FIELD DATA COLLECTION

From“June 1984 until Janua%y 1985, an intensive hydrographic field surQey
was conducted in the Lake Ca]casieu system, utilizing equipment from the
University of SoutH.Carolina. The purpose of the field investigation was to
obtain time series measurements of velocity, tidal elevation, and density
under auspice; of a Department of Ehergy (DOE) contract. We used 4 internally
recording pressure-type (SOI Mark V) tide gauges, an SOI Mark VIII current |
meter with CT'capabi11£y_ahd internal recording, ‘and 2 ENDECO neutrally |
buoyant current meters for current and CT meésurements. These instruments
- were moored at locations throughout the Laké Calcasieu system for the entire
survey period. “We had prob]éms with the moorings'because 6f heavy barge
traffic, shrimp fishing, and recrea£iona1 fishing. Several of our instruments
wére damaged, déstroyed, dr lost. Howevér, we wefe able to obtain useful
29-aay~tida1 records and current/CT recordﬁ:at some of the mooring sites.
These data are now being ané]yzed to be used to cajibrate/va]idaté the

numerical model performance.

We are traveling to Cd. del Carmen, Mexico from 8 - 20 March, to gathef
field/ground truth data from Laguna de Tefminos. The purpose of this field
$urvéy is to collect the necessary measurements for calibration/verification
of both the'hodel and.the Landsat T™ data. We héve made arrangements to stay
-and carry out operations at the mariﬁé field station, Estacion El Carmen/UNAM,
which is equipped with boats and some instrumenfation for conducting field
work. As already mehtidned, we hoﬁe to obtain a Landsat TM image of this
study area (péth/row 21/47).from 17 March 1986. We are coordinating our field

work with the time of this satellite overpass.. Normally, March is a dry
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period and weather conditions‘shou1d be optimum for the acquisition of
cloud-free Landsat TM data. Field neasurements will include salinity, total
‘suspended sediments, cﬁrrents, tidal elevations, turbidity, and in situ
radiometric data. »

To ébtain more data on the structure of turbid fronts, we intend to méke
several hydrographic transects through the coastal boundary layer front at
Charleston, SC. Thé-technique for conducting these measurements and the
associated analyses will then be applied to the Laguna de Terminos field and

T™M data.
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PURCHASE OF PROJECT EQUIPMENT

We have received 611 equipment ordered under the auspices of this grant.

This includes:

1) Spéctron Engineéring Model SE590 Portab]elSpectroradiometer: _
inc]uding a spectral detector head with a spéctrai range of 400 - 1100
nm, a microprocessor based cphtko]ier and portable data logger, and

_ softwaré obtiohs, inq1udfng a Thematic Mapper band simulator;

2) InterOcean model S4 current meter: |
a spherical, sé]f—contained e]ectromagnetic current meter with solid
stafé memory, microprocessor control, and optional temperature,

- conductivity, and pressure sensors; and

3) Monitek -model 21PE portable nephelometer.

In addition to these newly purchdsed instruments, other existing

equipment will be used in the field work.
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PROJECT PUBLICATIONS

Two manuscripts have resulted to date from this NASA project. They are

attached as appendices. The full references are:

Kjerfve, B. In press. Comparative oceanography of coastal lagoons.

In: Estuarine Variability. D.A. Wolfe (ed.). Academic Pfess,

- Kjerfve, B., K.E. Magi11; and_J.E._Sneed. 'Modé]ing of circulation and
dispersion in Laguna de Terminos, CampecHe, Mexico. In press.

In: Ecology of the Southern Gulf of Mexico Coastal Zone with

Special Reference to the'Tekmipos Lagoon Region. A. Yifez-Arancibia

- (ed.). Univérsidad Nacional Autonomaé Mexicq.'
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APPENDICES

1. Kjerfve, B., K)E. Magii], and. J.E. Sneed. Modeling of circulation and
dispersion in Laguna de Terminos, Campeche, Mexico. In press.
In: Ecoiogy of the Southern Gulf of Mexico Coastal Zone with
Special Reference to the Terminos Lagoon Region. A. Yaflez-Arancibia

(ed.). Universidad Nacional Autonomas Mexico.
2. Sample graphics simu]ation'outputs from Lake Calcasieu model runs.

3. Kjerfvé, B. In press. Comparative oceanography of Coasta] lagoons.

In: Estuarine Variability. D.A. Wolfe (ed.). Academic Press.
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ABSTRACT

Shallow coastal laéoons leﬁd themselves particularly well to numerical
modeling. Vertically‘integrated hydrodynamic and dispersion models bave
been applied to Laguna de Terminos, Mexico. By varying river discharge
and wind stress and forcing the models with tidal barmonic constants at
the two main entrénces, circulation, water elevationé, sal}nity and
suspended sediment,distributions‘have beeh‘simulated. The results are
presented as tidaily a&eraged distributions and indicate the complex
residual flow patterns in the'lagooq. For.most conditions, the circulation
sths residual transpbrt currents gn;ering through Puerto Real'Inlet aﬁd'
exiting through El Carmen Inlet. The Stokes' drift is oppositely direct-
‘ed but of small mégnitpde. The‘residual salinity and suspended sediment
distribution patterns indicate that the east and Qést regions of Laguna -
de Terminos largely act indépendently of each other. These modelvreéults
.provide an exéellent tool for formulation of ﬁyPotﬁesesvbut await more
field data for necessary Ya%idation. |

INTRODUCTION

Laguna de Terminos is Mexico's laféegt‘coastal lagoon, with an area
of 2500 km?. It is loéatéd iﬁ the state of Campeche at the base of the
Yucatan Peninsula, bordering.the southern Gulf of Mexico. The highly
productive waters of Laguna’de'Termihos‘support México's economically
imﬁortant.and extenéive marine fiéhery in the adjacent Bay of C#mpeche

(Yadez-Arancibia and Day, 1982). The lagoon is also located in close



pfoximity to present and proposed oil industries,:an& extensive petroleum
explor;tion and drilling.i; now taking plgce in the area.

The potential impact of human activities in general, and of the oii
induétry in particular, increases the need for effectivé management of
- the lagoon's naturél resources. An understanding of dvnamic processes
in the lagoon is essential for both predic;ing and preventing the potent-
ial dangers of indqstrial development on the system. Numerical circula-
tion and dispgrsiop modeling is a particularly useful method to invest-
igate hydrodyﬁamic and ecological procegses in a lagoon. Numerical
models, whenlproperly calibrated and.validated, can be used to predict
currents, ﬁispersion, and transporthpaths of sediments, nutrients, and
pollutapts within a lagoon.

Wé have developed and'implemented a 2-D, vertically integrated,
'finite-difference estuarine circulation model (aftér Biumberg,’1977) and
accompanying dispersion model. Both models are driven by tides, wind
stregs,-and river discharge, and have the capacity to simulate vertic-
ally averaged longitudinal and lateral velocity patterns, tidél eleva-
tion distribuﬁions, and'concentration distributions/fluxes for passive,
conservative constituents. We present results from four numefical cases
for which we ran the model on Laguna de Termiﬁos. The four cases were
chosen to'simﬁlate‘t§pical conditions dﬁfiﬁg the different seasqns.

Graham et al. (1981) and Dressler (1981) have previously implemént-
ed 2-D vertically integrated, fihite-elemeﬁt/difference hydrodynamic |
" models on Laguna de Terminos. Wheréas their models only simulate flow

patterns and residual circulation, our model goes one step further by



also simulating the dispersion of dissolved/particuléte conservative

constituents based on the assumption of vertical homogeneity.
DESCRIPTION OF STUDY SITE

Laguna de Terminos,.Campechg, is a shallow coastal lagoon with an
averége deéth of 3 m. The tide is mixed, méinly diurnal. The aﬁpli-

- tudes of the main diurnal and semidiurnal coﬁstituent tides are listed
in Table 1. Isla del Carmen, a narrow éarbonate sand barrier island,
separates the lagoon frbm the adjacent Gulf of Mexico. Two deep tidal
passéé at giﬁhe: end of the barrier island permit exchange with the
Gulf: Carmen Inlet to the‘west is at least 17 m‘deep, and Puerto Real
Inlet t§ the east is at least 12 m deep. Three rivers'dischatge.into
the lagoon; bRio Chumpan, Rio Candeléria, and Rio Palizada. The latter
is a distributéry.of the Usumacinta-Crijalva river system, tﬁe lérgesf
river systém in Mexicoland second only to the~Mississippi River in the
" Gulf of Mexico. The Palizada provides most of the river input to thév
l#goon, with an estiﬁéted meén annual discharge of 500 m3 s-l.

The climate of this region is characterized by three distinct
seasdn;: the wet season is from June to September, with daily afternoon
and evening showers; October to February is the season of winter sﬁdrms
or "nortes", characterized by occasional stroﬁg northwesterly winds
(8-10m s-lj with raiﬁs, particularly from November to January; and Harch
through May is the dry season. Excépt during the norte season, winds
éré'strongly influenced by the_ﬁértheast trades, which locally blow
predominantly from the east-southeast at 4-6 m 5‘1 (Yapez-Arancibia and

Day, 1982).



For por;ions of the year, Laguna de Terminoé experiences distinct
' gradiepts in—salinity; turbidity, and nutrients, and is ffom this view-
. point, a particularly ihteresting system-in which to model circulation
and dispersion patﬁerns; During the trade wind séason,.therg_is a
strong’neﬁ inflow at Puerto Réai.Inlet, with net outfiow occurring at
Carmen Inlet (Gierloff-Emden,>1977). This net circulation péttern,
combined with rivér'disch;:ge, helps to establish a persistent gradient
from ;ﬁrbid, nutrient-rich,,riverine.influenced-waters in the south-
westefn part of the lagdon near the outflow of Rio Palizada, to trams-
parent, high saliﬁity, marine waters in the eastern portién'of the

lagoon near Puerto Real Inlet (Y4dez-Arancibia and Day, 1982).
. NUMERICAL MODEL FORMULATION

_The hydrodynamics model selected foﬁ this study is an. improved and -
~e2ténded version_of the estﬁarine tidal ﬁodel of Blumberg'(1977). ‘The
govefning-equations of the modei are the global shallow'wéter equations
(Welande;; 1957), which result after vertical integratiog bf the momentﬁm
~ balance equations. The equations are unsteady, retain the non-linear
field acceleration térms,'and include earth rotation, baroﬁropic pressure
grgdients, wind stress, non-linear botégm‘ffiétion,.and_horizontal'
diffusion of momentum. Fbllowing ﬁhe notation of Bluﬁberg (1977), integfa-
tion of the-x-component and chomponent equations of motion yields

duD + du?D +'3uvD
5 ox ' oy

. ’ 1 »
- fvD + ngg = t; - kg(u2 + v2)? (1)
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where u and v are the vertical averages of the depth-dependent veloci-

ties, u' and v', respectively, i.e.

n . '
u=x [u’ dz; - (@3
. -H )
1 L . -
V=35 fvidz (4)

-H
n’is the sﬁrfa;e elevation relative to:mean tide; ﬁ is the water depth :- -
at mean tide leve1;>and D is the instantaneous watef‘depth, give by D =
H+n. The Coriolis pafameter,'f, is expressed using the B-plane approxima-
tign | o | |

N A NCE: ¢ R - - ®

which accounts qu the change in Coriolis parameter with latitude. The
northernmost latitude in the modeled system is ¢°, ¢ is the actual

latitude, and R is the earth radius (6.37 x 106 m). The Coriolis paré-

" meter at latitude ¢ is f = 2Qsind, where Q =7.29 x 10-5,s€1. The
B-factor is ZQcos¢o/R; g is gravity (9;81 m 5_2); k is a nondimensipnal
bottom friction factor; N is a horizontal eddy. viscosity (LZT-I); and tx

~and ty are the x and y components of the surface wind stress, give by

_ 2 . - . .
o TE R, GV ev (6)
where p, is density of air (1.2 kg m3); P, is density of estuarine water
(1020 kg m-3); and C10(1.6 X 10f3) is a non-dimensional drag coefficient

at 10 m elevation.



The vertically'intergrated mass conservation (continuity) equation

is also needed to prescribe the motion

B , dw , D _
3t * 5% *_ay 0 _ (7

The above formulation of the governing equations assumes tﬁat the
water is‘homogéneous and incompressible, aqd that longitudinal pressure
gradients due to density Variatioﬁs are neglible (cf. Blumberg, 1978). ;. -
By integrating the equgtions vertically, information about the verticél
velocity structure is lost. Howeve;, for a shallow, well-mixed water |
coiumn such as in Laguna de Terminos, this is not a serious shortcoming.
Informaﬁion_about dispérsion of.poliutants is esséntially retained when
thg local velocity, i.g; the velocity found at any specified depth, is
well approximated by ﬁhe global velocity, i.g.-the velocity averaged
over the water~cqlumn. This appréximation is generally valid in shallow,
well-mixed»waters.

Analytic solutions to the non-linear global equations with realistic
boundary conditions afe qot.possible. However,inﬁmerical intégrétion-of:
‘the equations is possible on a éigital computer. The‘non-linear set of
governing par;ial differential equations is therefore expressed as
finite difference equations,‘and solved gfplicitly by the me;hod describ-
éd by Blumberg (1977). The finite difference equations are secénd.order
accurate in space and first ordef{in time. All finite difference model
ing was carried out on a Digital VAX 11/780 mainframe'cohputef at the
University of South Cafélina.

Using the nbtation of ﬁlumberg (1977), the linear difference operators

for average and second order differencing, respectively, are



x - F(x + éﬁ,y,t) + E(x - éi,y,t) - (8)
Fix,y,t) = 3
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The global equations in second order finite difference form are

given by
S @ w? = N
. TAE — + éx(Dwu u ) + Gy(D vu) -
_xy . . V -
_ X . _xv? L. n-1 '
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X 5 v —xyz %.n-1 :
fDu + gD_6Xn - ry + k[v(u + v3)7? =0 (11)
n~1 - n-1 - X y o
L —+s@wss@v=0 a2

wheré the superscript n referé to time level.

. The model is.forced by prescribed tidal constituent amplitﬁdes and
phases at the bpen 6cean boundary, wind stress over the lagoon, and
freshwater input from the three riverét .Nﬁmericéi integration is carried
out by taking/an initial forward step in time at the open boundary,
solving for n (eq. 7), and then for the u and v components (eqs. 1 and
2). 4This leap-frog integration scﬁéme is then repeated for all elements

until simulation is completed.



To obtéin numerical simplicity, the u and v compénents and n are
calculated for different pdsitioné wi#hin each grid; similar to Blumberg
(1977). The H, D, and n values are specifiéd at the middle of each grid.
The v components are calculated for points Ay/2 north and south of the
Amid poiﬁt, idclgding any east-west bounaary, and the u ;oméonents are
calculated for points Ax/2 east and west of thé mid point, including anf
north-soﬁth boundary (Blumberg, 1977). The condition of no normal flow
through a land bouﬁdary»is easily satisfied with this off-;et éomﬁuta-
tional scheme; It also has the added advantage that central difference
approximaﬁions to deri?atives of the off-set variables in?ol?e points
only one grid-length apart. |
| Thé_é;mputational time step, At, mﬁt be smaller than a critical
time'step |

ot <l 0 (/s + a2t (13)
for the numerical solutidn.‘ | |

.Blumberg (1977) and Tee (1976) found that any simplifications of the
governing equations produced major changes in the simulated circulation
patterns. Similarly,.we found that simplified equatioqs produéed éigni-
ficantly altered circulation patterns. Thus, inciusion of all the terms
in equatiéns 1 and 2 is necessary to produce a realistic circulation
‘model. Our choice for the friction factor was k = 0.0025. The wind
Stress_was varied to éllow fér-differént"wind stresses. |

Ohce the gloﬁél waterllevel and velocity fields have been simulated
for thé lagoon, the advection and.diséersion of a paséive conservative
'constituent, c, caﬁ be determined. The governing equation is the distri-

bution of variables equation



9cD , duDc , ovhc _ 9 dc
5t * ox T oy - ox Kyt

3 dc ' - : _
-a_Y.(DKY 5;) + Fn(X,Y,ﬂ) FH(X,Y, H)

where the F's are the vertical fluxes of a constituent at the surface
" and at the bottom, KX and Ky are horizontal eddy diffusivities, and C is
the constituent concentration.

Non conservative substances would require inclusion of a vertically

integrated source-sink term, S(x,y), in the equationl The finite differ- :

" . ence form of the advection-dispersion relationship is

, X . X

o+l X n
+6 (D uxc)

. ¥y n
+6 (D vyc) =

-(BC)

e

-'(DC)n-l
20t

: =X n-1 | = n;l
_Véx(D Kxéxc)~ + 6Y(D Kyéyc). T+ Fﬂ + F_H.+ S

In addition to the surface and bottom fluxes of substanéevc, values
of c.on lateral boundaries_ére required fof‘watér'a&vected igtobthe |
lagoon; Qhether it be from tﬁe écean orvfrom the rivers.

The equations, as formulé;ed, neglect 1atéial friction‘bﬁt include
lateral'eddy diffusion. This apparent:inconsistency is due to the fact
thét surface aﬁd‘boﬁtom friction'domiqate over lateral friction in the

momentum equation, but there is no mechanism other than horizontal

diffusion to mix waters advected with the velocity field. The horizontal

mixing, in reality, is partly achieved by the apparent spreading of a
water mass due to the combined effect of vertical diffusion and_vertical

shear of the local horizontal velocity. This effect cannmot be directly

(14)

(135)



represénﬁed in the global équa;ion modé1.  However, it can be eﬁpirically
parageterized by horizontai}difquion. |

The numerical forﬁulaﬁionS‘which we have used are best suited to
siﬁulate'wa;er level changes; veiocity fields, and constituené dispersion‘
in shallow coast#l légﬁons; which are well-mixed.vertically.

Blumberg's (1977) numerical_algorithm'was found to have several
shortcomings: -J) fhé divergence of‘momentum~f1ux,'waﬁer flux, and
substance flux inyolved reéétitious calculation of fluxes; 2) the rela- .
~tion between the grid,‘§ariablé storage, and boundary conditions did nbt
lend itself to altering.boundary coﬁditioné qr‘dynahics; ;nd 3) the
divergggce;pf substance flux gave rise to ér;ifacts (the Gibbs effect)
" in the vicinity of sharp gradients. | )

' We hévé'made the fdllowihg improveménts'to'the model: 1) all model
valués are referenced to a single, unique grid; 2) repetitiQé flux cal-
cﬁlations have been eliminated by'storing'previousiy'éalculéted fluxes;
3) boundary conditions have beén ihplemenﬁed in 4 difect‘and flexible
_@anner; 4) thg model has been hodularized to improve réadabiiity and
ease any fﬁrthef extensionv; and 5) ﬁhe leap‘frog scheme for advection,_
used by Blumberg, has been replaced b& a flux corrected transport (FCT)
system (Boris and Book, 1973; Zalésak, 1979) in order to eliminate the

-®

Gibbs effect near sharp gradients.
IMPLEMENTATION OF MODEL

The model was implemented using a 54 row by 21 column‘grid; with

each element measuring 1200 m X 1200 m (Fig. 1). Water depths in the

grid range from 1-4 m, which allowed.for the use of a 60 second time

10



seep (eq. 13) for all model runs. The model is driven By simulated
tides at Puerto Real and Cermee Inlet, a speeified uniform Qind field
over the eetire model domain,‘and rivef discharges for tee Chumpan,
Candelaria, and,Pelizada rivers. |

Outﬁut froﬁ the model consists of several graphic products.'ANine
residual plots? computed over any desired averéging'period [we chose to
average over 1 diurnal tidal cycle (24.84 hrs.)] may Be output. These
include.ploté of Qater elevations, salinities; and suspended sedimenes;

presented as contour plots which are normalized to a [0,1] range by

IR S CICR 5 RN I RSN - ae)
where § is the contour'interval; C(x,y,t) is the cemputed velue at a

specified grid element (x,y); C . is the minimum value of the variable

min
founq in the grid; and Cmax'is”the maximum Qalde of the variable. We
Aaiso produced vectorel‘weter'velocity plots preseqted as eithe; net
(average) veloeities,~5eqke's (depth-weighted) velocities, or 15ngrang1
ian velocities (the difference between ehe net and Stoke's); ‘Each.of |
'the three velocit& representations.may be plotted wiﬁh either dimens-
ional point Qectofs or non-dimensional streamlines. Also; instantaneous
vaiues'of water elevation, salinit§, sifspénded sediments, and velocity
may be pletted for any specified time interval. In all of our modeled
cases we ehose to plot instanteneous values e&ery 3 lunar hours.

In addition{ time series of salinity, suspended sediments, water
~elevation, and watef veiocity may.be created at'any number of specified
grid points and ae any desired>sampling rate. For each Case aodeled; we

created time series every 0.25 lunar hour from 6 points-within the grid.

11



Using the time series data from each spetified point, we could then
ggnefate: 1)_progre$sivéi§ec£or diagrams; 2) wind speed and direction
roseé; and 3) time series plots of currents, salinit?, suspended sedi-
ments, and water elevationms.

To deterﬁine how long it took the models to reach steédy state, we
implemented a cold;start 28-tidal cycle run thch simulated ﬁrade wind
conditions (Table 2), mean river discharge, and the tidal conmstituents
given in\Table 1. We found that the hydrodynamic,dodel reaches steadyv
staté rélatively.quickly, afteriéply 2-3 diurnal'tidal cycles. Howevéf;
stéady st#te.conditions'iﬁ the dispersion model were met “only after 14
tidal cycles. All subsequenﬁ runs were the#efore hot-started from the
l4th tidai cycle of this initial run, and then run for an‘additional_ld
tidal cyclesi |

Fodr separate cases were modeled in ﬁhis study. The input values
for each case were chosen to simulate the fangé of_élimatic:conditions :
which ;fe encountered dﬁfing each of the three seasons (Table 2). - The
first case, as pre?iously mentioned, was run for 28 tiaal cyciés, and
simulated:homogeneous trade winds over thé entire lagoon and'mean river
discharge from the three rivers. This case.repreSents £he dry season
during spring. Initial input values of salinity and suspended sediments
at the inlets and rivers are given in Table 2. The second case simulatéd
mean river diséharge with no'winds, and represents théAtransition from
the dry to the wet season in early-mid summer. The third case simulated
"norte! winds with meén river discharge,'énd reflects the season-of
"nortes" in late autumn - early winter. Finally;‘case 4 simulated flood

conditions with peak discharge and no winds. This case is representative

12



of the'wet season in iaﬁeAsummgr - early'autumn.

In all féur caées, tﬁ; tidal constitueﬁ;s used ésiigputs to the
modél (Table 1) were héld constant. They.were derived through harmonic
analysis at each inlet, ;nd reflgct'a mixed, @ainly diurnal tide regime,
with the tides at Carmen Inlet leading those at fuerto Real Inlet by one -

hour.
. RESULTS

In cﬁse 1, @éter level setup is_éleérly forced by tﬁe_tfade winds.
Residual water elevation confours (Fig. 2a) are oriénted normal to the
 16ca1 east-soﬁtheaétefly trade wind direction. Elevations range from
0.38 m at the egFreme east side to 0.40 m near CarmenlInlet. "Tidally-

- averaged salinities“(figp 2b) range from a minimum of 4.5 ppt nea;~thé
Palizada river mouth to 34.5 ppt at the mouth of Puerto Real Inlet.
Salinities are high in the.ceﬁtral portién of the lagoon due.tb ﬁhev
input-of_35 PRt éalinity water througﬁ Puerﬁo Real Inlet, and'decre;se
ézgnificantly near“ﬁhe mouth ofﬂﬁhe Palizada River; The tidally-averaged
suspended_sédiment profile (Fig. 2b) is inverse. to thaf of the salinit&
field. Maximum suspendéd sediment coﬁceﬂtfatiods of 89 ppm occur at the

.»

Palizada mopth, while concentrations to tge.east of the Palizada dgcréase
- rapidly to less than 27 ppam. The depth-éveraged residual circulation
(Fig. 3), shows a predbminént westward flow in through Puerto Real and

' &ﬁt at Carmen Inlet.  Graham et él.\(1981) and Dressler (1981) produced
similar net westward flow pattérns wi£h their models. The streamline

plot of the depth-averaged residual circulation (Fig. 3b) emphasizes

several eddies whichAhave formed in the lagoon;

13



In case 2, there is insignificant water level setup in thg lagoon.
An inérease in water elevéiiéns‘OCCUrs goidg into the mouth of Puerfo
Real, but the rest of the lagoon maintains a néarly uniform water‘levgl
(Fig. 4a). The rivers, in particular the Palizada; greatly inflﬁence
the ciréulation'and disﬁersién in tﬁe lagoon. ' Salinities (Fig. 4b)
‘fange from 2.5 ppt near the Paiizada river mouth to 34.5 PPt near Puerto-
Réal Inlet. ~Again, suspended séﬁiments (Fig. 4&) display a strong
inverse relationsﬁiﬁ to saliﬁities, with 20 ppm concentrations near
Puerto Real Inlet and a maximum of 94 pbm near the Palizada mouth. The
résidual circulation (Fig. Sj, shows strong currénts fioﬁiﬁg out of the

'river$,.particularly_the Palizada, with export of waters occurring

-

thréugh.bsth inlets. With the exception of-the Palizada.rivér'mouth a;d
the tw§>inlets, current velocities are Qery weak ;hroughouﬁ the lagoon.
The streamliné‘plot (Fig.Sb) is more useful than the vectofél plot (Fig?
5a) for depicting the residual circulation when currents afe weak aé in
this case. |

| Iﬁ case 3, water level sétup appears to be forced by the norte wind
régime, as elevation coﬁtours are oriented normal to thé wind direction
_(Fig. 5a).» A ma#imum waﬁer'ele§ation of 0.51 m is found.to the extreme‘
-south, while a minimum of 0.39 m is located near the ext;éme northern
edge. The ﬁinimum salinity of 8.3.pptf(F1gL46b) is considerably higher
than‘the minimum for ﬁhe othér tw§ cases. Likgwise, the maximum suspend-
ed Sédiment concentration of 89 ppm (fig. 6c) is slightly lower than for
‘the first two cases. Norte winds appear to be the dominant force in
controlling dispefsion in the model, while the effect of the rivers is
.largely supp;es;ed. The direction of fiver flp@ generally oppoées the

‘stronger wind induced currents. Residual current velocities (Fig. 7)
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are much stronger than in the first two cases, with maxiﬁum velocities
reéching117.0 cm/sf Residual circulation pattérns,are also more.complex
in this cése. There isia strong southward flow, apparenély wind-induce&,
along the eastland wést'sides of the légoon. The river flow has also
set.up oppdsing currents.which appear to have generatgd a serieé-of
anticyclonic eddies in the. eastern half of the lagoon and cyclonic
é&digs in the western half. The streamline plot (Fig. 7b) is pérticular-
ly.useful in emphasizing the location of these eddies and fronts.

The water level sétﬁp in case 4 (Fig..Ba) is very similar to thﬁt
"in case Z-e#cept that ﬁhe slope is greatér. Elevations cover a 3,5 cm
range. :ﬁaper level is highest id_the extreme~south§¥n portion of the -
lagoon aﬁd lowest at Puerto Real inlgt. The higher water levels are
presgmably due to the”tremendous incrgasé in river discharge; from 30d
“to 2000 035"} for the Rio Palizada. Minimum salinities (Fig. 8b) of 0.1
_ ppt are foﬁnd near the Palizada mduth_and ma#imum salinities of 33 ppt
.6ccur.in the eastern part of the iagoon. This is thellatgest saliﬁity
range of all cases. Suspegded sediment concentrations and gradients are
;Iso.maximum in this caseA(Fig. 8c), ranging from 23 ppm to 173 pph.
The gradient.is in the opposite direction to that of salinity, poiﬁting
westward with a low in the‘easterg portion of the lagoon. Maximum
éu;rents of 30 cﬁ s-1 are reached neaf'tﬁé'houth'of the Rio Palizada,
andvthe depth-averaged residuél_cifculatioé (Fig. 9) shows an export out
of the lagoon via bath inlets. River flow is clearly the major fofce

influencing circulation and dispersion in this case.
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FINAL COMMENTS

The iesults froﬁ our four simulation runs show that ﬁidés, freshwater
dischargg, and local winds afe all major forcing»mechanisms of circula-
tion and dispersion in Laguna de Terminos. Ogr ;esults are preliminaryA
and validation of the model has yet to be performed. Still, thé'simulation
runs are importaﬁt and useful in several reépects. They represent
conditions‘thét,may exist under realiﬁtic envirbnmental situétions, i.e.
actual seasonal wind régimes, river diséharge conditions, and tidal
constituents at the two inlets. In carryiﬁg this project-oné step
.furthé;{_field sampling schemes will be devgioped in order to prdvide
verifigationtfqr ;hé model results. Our four model simulations will
prove useful:in choosing'the best location and bptimum number of saﬁpling
siﬁesvfor existiﬁg season/weather coﬁditions. The‘hydrodynamic/dispersiod
simulations are a particularly important resource to use in formulating

hypotheses.
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Fig.

CAPTIONS

(a) Bathymetry used to 1mplement model on Laguna de Termlnos
Campeche, Mexico. The model used a 54 x 21 element grid w1th
elements measuring 1200 x 1200 m. The model is driven by
simulated tides at the two inlets, a specified uniform wind

fleld, and rlver discharge at the three river mouths designated
by "arrows". The "triangle" symbols specify 6 points at which’
time series are developed for calibration and validation purposes.
(b) Grey-scale representation of bathymetric contours.

Case 1 (simulated trade winds; mean river discharge; mixed malnly
diurnal tides): (a) Tidally-averaged net water elevatioms, .

(b) salinityv concentrations, and (c) suspended sediment concentra-
tions, averaged over the 28th tidal cycle. Normalized contours

0.1 - 0.9 indicate water elevationsof 0.38 m - 0.40 m; salinity

concentra tions of 7.5 - 31.5 ppt; and suspended sediment con-.
centrations of 26.9 ppm - 82.1 ppm.

. “Case 1 (simulated trade winds; mean river discharge, mixed, -

mainly diurnal tides): (a) Vectoral and (b) non-dimensional
depth-averaged (Stoke's) re51dual circulation averaged over
the 28th tidal cycle.

Case 2 (no w1nds mean river discharge; mlxed mainly diurnal tldES)
(a) Tidally- averaged net water elevations, (b) salinity concentra-
tions, and (c) suspended sediment concentrations, averaged over the
28th tidal cycle. Normalized contours 0.1 - 0.9 represent water
elevationsof 0.38 m - 0.40 m; salinity concentrations of 5.7 ppt

- 31.3 ppt; and suspended sedlment concentrations of 27.4 ppm
- 86.6 ppm

Case 2 (no w1nds, mean river discharge; mlxed mainly diurnal tides):
(a) Vectoral and (b) non-dimensional streamllne representations
of the depth-averaged (Stoke' s) re31dual circulation averaged over

the 28th tidal cycle.

Case 3 (simulated norte winds; mean river discharge; mixed,
mainly diurnal tides): (a) Tldally averaged net water elevatlons,

' (b) salinity concentrations, and (c¢) suspended sediment concentra-

tions, averaged over the 28th tidal cycle. Normalized contours
0.1 ~ 0.9 represent water elevations of 0.4 m - 0.5 m; salinity

" concentrations of 10.9 ppt - 31.7 ppt; and suspended sediment

concentratlons of 26 ppm - 74 ppm.

Case 3 (norte winds; mean river discharge; mixed, mainly

diurnal tides): '(a) Vectoral and (b) non-dlmen51onal

streamline representations of the depth-averaged (Stoke's) re51dual
circulation averaged over the 28th tidal cycle. :

Case & (no winds; maximum discharge; mixed, mainly diurnal tides):
(a) Tidally-averaged net water elevations, (b) salinity concentra-
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tions, and (c) suspended sediment concentrations, averaged over
the 28th tidal cycle. Normalized water elevation contours 0.1-0.9
indicate heights of 0.38 m - 0.41 m; salinity concentrations of
3.3 ppt - 29.7 ppt; and suspended sediment concentrations of

38 ppm. - 158 ppm. '

Fig. 9. Case 4 (no winds; maximum discharge; mixed, mainly diurnal tides):
(a) Vectoral and (b) non-dimensional streamline representations
-of the depth-averaged (Stoke's) residual circulation averaged -
over the 28th tidal cycle. '
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Table 1. Tidal input parameters for the four simulation runs on
' Laguna de Terminos ' I

Amb]itude | Pgase Node Equilibrium ' Period
(m) (7G) Factor Argument . (hrs)
CARMEN INLET | | |
K 0.119 317.0 1.106 6.9 2393
0. L0115 318.0 1.168 . 232.6 25.82
My 0.076  082.8 0.967  238.1 .  12.42
s 0.020  021.0 1.000 - 0.0 12.00

, 0120 2884 - 1.04 6.9 23.93

K
0, - 0.138  289.7 1.168  232.6 25.82
Somy o 0all 0372 0.967 2381 12.42
s, 0018 ol 1.000 0.0 12.00




Table 2. Boundary and initial conditions on the five simulation runs.
. Run 1 corresponds to trade wind conditions, run 2 to no-wind
conditions, run 3 to Norte conditions, and run 4 to high-runoff
conditions. '

Run 1 Run 2 Run 3 Run 4

Rio Palisades

Flow (m>/s) 300 300 300 2000

TSS (ppm) . : 300 300 300 500

Salinity (ppt) : 0 0 0 0
Rio Chumpan | i 4
" _Flow (m%/s) - 10 10 10 30

TSS (ppm) : 100 ~ 100 100 , 200

‘Salinity (ppt) . 0o - 0 _ 0 0
Rio Candelaria | »

Flow (m°/s) .3 35 35 80

TSS (ppm) C 100 100 100 200

Salinity (ppt) _ . 0 0 .- 0 0
Carmen Inlet | A

TSS (ppm) - 30 30 . 30 60

Salinity (ppt) : 32 32 32 20
Puerto Real Inlet

TSS (ppm) = 20 20 20 30

Salinity (ppt) 5. 35 35 30
Homogeneous Wind Field

Wind direction (°from) 105 - 345 -

Wind speed (m/s) 4 0 10 0

'Tida} cycles simulated ©1-28 1 15-28 15-28 - 15-28
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Fig; 1. Case 1 (no winds; mean river discharge; diurnal tides):
- Tidally-averaged salinity concentrations, averaged-over
the l4th tidal cycle. Normalized contours:- (0.1 = 0.9)

indicate salinity_concentratlops-ranging from: 5.5 -'22 3 ppt.
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Fig. 2. Case 1 (no winds; mean-river discharge; diurnal tides):
Instantaneous suspended sediment concentrations, Normalized
contours (0.1 - 0.9) indicate sediment concentratlons ranglng
from 54.8 - 77.2 ppm.
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Tidally-averaged vectoral representation of the depth-
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Case 1 (i

Fig. 3.

averaged (Stoke's) residual circulation averaged over

the l4th tidal cycle,
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Fig. 4, Case 2 (lo/m/é nerth. w1nds; mean river discharge; diurnal
" tides); TInstantaneous streamllne representation of the

clrculation.
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Winds, Normal Dlscharge Cycles 1— 14

Case 2 (10 m/s north winds; mean river discharge; diurnal
tides): Tidally-averaged salinity concentrations, averaged
over the l4th tidal cycle. Normalized contours indicate
salinity concentrations ranglng from 15 1 - 23. 9. ppt (0 1- . 0.9)
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Fig. 6. Case 2 (10 m/s north.winds; mean river discharge; diurnal
tides): Tidally-averaged water elevations averaged-over
the 14th tidal cycle. Normalized contours (0.1 - 0.9)
indicate elevations ranging from 0.2 - 0.3 m.
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