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EXECUTIVE SUMMARY

Objectives and Furpose: A hvdrologic model is developed to
account for the average water flow patterns in Guayanilla EBay
as a guide to understand the function of tne bay, to i1dentify
centrols over hay processes, to Qescribe imnortant data un-
certainties, and to inform dezisions on the effective uses

£ the bay. '

wind, tidal forces, industrial pumping and freshwater input are
the major external forces affecting tne ba,, although each of
the bay's five major compartments are unigue in the extent to
which these forces dominate. Precipitaticn, evaporation and
ship activity affect the water hudget to a much lesser degree.
Bottom topography or bathymetry of the bav 1s the most critical
feature controlling the flux of water and the unigque charac-
teristics of the bay compartments.

Biclogical processes control the rate of exchange between several
compartments. Mancroves arve imvortant in the thermal cove and
Southeast Bay compartments. Seagrasses are impoertant in the
Western Bay, Southeastern Bay and Central Lay as they affect

sill depth and wind drift.

Wind drift and eguilibrating (subsurface) return flows are both
the largest flows and those associated with the greatest un-
certainty. Based on this study a research effort to characterize
wind drift flow rates across shallow bay sills, together with

an evaluation of equilibrating return flows in deeper channels
would be the most beneficial studies for predicting the physical
behavior of Guayanilla Bay.

Management options affecting the bay can influence the bay's
productivity, use as a port, and the characteristics of water
used for power plant cooling. Wind, geomorphology, and intake
and <discharge locaticn have the greatest control over power plant
cooling water intake temperature. $ills between bay compartments
and the freshwater from surface and groundwater of the Yauco and
Guayanilla Riwver watersheds have the greatest contrel over
biological productivity (from a hydrologic standpoint). Currents

and biological communities could be managed to control sedimentation

rates and stabilize bottom topography. Thus, management decisions
in development of the bay can be informed by a hydrologic model
to sustain and enhance productive uses in an efficient manner.

iv




[ 21

Iv.

RESUMEN

Objetivos y propdsito: Se desarrolla un modelso hidroldgico gue con-
sidera el patrdén del flujo promedio de las agues de la Bahfa de
Guayanilla. El mismo sirve de gufa nder el funciona-
miento de la bahia, identifica lo gue controla sy

describe las icentidumbres relacionadas con datos importantes e in-
formaz qu® decisiones deben tomarse rmara cu uso afectivo.

rara corpre

% pProcesos,

El viente, las fuerzas de las mareas, <1 bombeo de agua para usos
industriales y el agua dulce aportada per los rios constituyen las
fuerzas exterran mayores gue afectan la bahia aunque cada unc de
sus cinco divisiones principales (comportamientes) son Unicas en el
modo de estas fuerzas ejercer su influencia. La precipitacién
pluvial, la evaporacién vy el trinsito maritime afectan el sistema
hidrolégico en un grado menor. La “opografia subrarina y la bati-
metria de la bahfa son los factores mas criticos en el control del
flujo de agua en la hahia, siendo ademfis caracteristicas de natura—
leza fGnica en los compartimientos Gus compenen la misma.

La estructura biolégica afecta la hidrologia de la bahia mediante

el control de las tazas de intercambioc entre sus distintas secciones
© compartimientos. El manclar es importante en los compartimientos
enmarcados por la caleta termal y el sureste de la bahIa. Las pra-
deras de fanerdgamas son importantes en las secciones delimitadas
por el oeste, sureste y la parte central de la bahia donde 8stas
afectan la profundidad del umbral ée la bahia v el material
acarreado por los ventisguerocs.

Los flujos de agua resultantes de la taza de amontonamiento por les
ventisqueros y retorno al eguilibrio son les dos tipos més grandes
de corrientes gue a Su vez estin mas sujetcs a inconsistencias o
vaguedad. De acuerdo a este estudio, serfa beneficioso llevar a
cabo una investifacidn para caracterizar las corrientes provenientes
de amontonzmiento de agua por los ventisguaeros a traves del umbral
de bahlas 1laras junto a una evaluacién de flujos resultantes de
contracorrientes de eguilibrio ern canales profundos. De esta

manera se podria predecir el comportamiento fisico de la Bahia de
Guavanillla.

Las opciones o alternativas de manejc gue afectarian la bahia podrian
muy bien influenciar su productividad, su uso como puerto y las
caracteristicas del agua a usarse rara enfriamiento en las centrales
generatrices. Su geomorfologia y la velocidad del viento ejercen

un mayor control sobre la temperatura del agua a ucarse para enfri-
amiento. Los umbrales entre los distintos compartimientos de la

bahia y el agra dulce de suverficie y niveles freiticos de las cuen-
cas pluviales de los rios Yauco y Guayanilla tienen un mayer control
sobre la productividad biolBgica (desde el punto de vista hidrol&gice).
El desarrollo de puertos podria ser afectado por corrientes marinas




ta

Yy comunidades bicldgicas gue controlen las tazas de scdimentacidn
y estabilicen la topocrafia submerina. De esta mancra las deci-
Sicnes y el desarrollo de la bahia podrian ser influenciadas por
la informacidn generada por un modelo hidroldgico de manera gue se
puedan sostener y aumentar sus usos productivos de una manera
eficiente en cuanto al costo.

vi
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HYDRCLOGIC MODEL CF GUAYANILLA BAY

Michael A. Chartock
Marine Ecology Division
Center for Energy and Environment Research
Collegs Station
Mayaguez, P.R. 00708

1.0 INTRODUCTION

The hydrologic flux among gecgraphic areas is an important process
mediating the transfer of energy and materials in the cocastal zone. 1In
the coastal bays of southern Puerto Rico this flux is affected primarily
by wind drift, tides, runoff (Kumel and Hadjitheodorou, 1970; Goldman,
1979), industrial cooling water pumping, and groundwater flow. Storm
surges and ship traffic affect the water budget less freguently or on a
smaller scale.

This paper describes a hydrologic model of Guavanilla Bay, Puerto Rica
(Fig. 2). The model accounts for the mass balance of water among five
major hydrologic subdivisions (or compartments) of the bay, describing
daily flux as an average of events that occur on an hourly, daily, menthly,
and seasonal basis. It is useful for understanding the relative importance
of different flows, their respective controls, and their effect on habitat
types and industrial uses within the bay. The model is based on the
information summarized below and appended, and should provide a reference
for acquiring improved data for more accurate prediction and management
applications. This model is one part of a series of models that describe
environmental and economic processes in Guayanilla Bay and its surrcundings
that are formulated at the Marine Ecology Division, Center for Energy and
Environment Research, Mayagusz, Puerto Rico.

Guayanilla Bay is located on the south coast of Puerto Rico (Fig. 1}
and consists of the five sub-areas (compartments) shown in Fig. 2 and
characterized in Table 1. Compartment boundaries are defined by sub-
merged bars, jetties, headlands, seagrass beds, cays and dredge spoil
banks. Sills shallower than 0.7 m are indicated in Fig. 2 and are critical
for iselating several bay compartments. Openings, including channels and
pipes or other industrial structures, facilitate communication between the
compartments. This communication or "interface" between compartments
occurs along the exposure between sub-areas, and is in part dependent on
depth characteristics (see Table 1 and Section 2).

2.0 SOURCES OF WATER MOVEMENT

Five primary factors affect water movement in the bay: tides, wind
drift, runoff, groundwater, and pumping of industrial cooling water.
Additionally, shipping and storm surges can occasionally affect ceastal
water flow. Quantification of these parameters in the following sections
provides the basis for developing the generalized annual hydrologic budget
model presented in this paper.
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2.1 TIDES

The tidal range at Guayanilla Bay varies between 15 to 45 cm
(EQE, 1972) with a daily average range of 3¢ em. ! Based on this range,
flux for the bay is 2.65 x 100 m3 daily. Tidal flux is a small proportion
of Central Bay volum:z (7%). However, tidal flux is a large proporticn
of the water volume of the Western Bay (28%), and is significant in
the other shallow-water compartments. The Western Bay may be the most
"poweriul" in terms of productivity and respiration (Chartock, in pre-
raration) so that the exchange of materials through tidal forces is
crrtical for the bay system.

2.2 WIND DRIFT

Surface water movement in Guayanilla Bay has a significant influence
from the wind (Goldman, 1279). Surface wind drift has been reported as
2.6 to 5.8 % of wind velocity based on a review of 16 coastal and oceanic
studies {Lange and Huhnerfuss, 1979). In shallow bays with limited fetch,
Goldman estimates that drift in the upper (2-3 meters) mixed layer is
approximately 1% in South Coastal Caribbean Bays, as supported by studies
during 1977 through 1979 (Goldman, 1979). Thisg is in near agreement with
estimates of 2-3% for fetches of 4 to 10 km summarized by Von Arx (1968).
Estimates of surface water movement induced by wind at Guayanilla Bay
tabulated in Table 2 are based on average 24 hrs. wind velogcity of 2.9 m/sec
(see Appendix 4). The average vector of the wind is eastexly, shifting
from the southeast (120°) to the northeast {60°) on a diurnal basis.

vater movement at the Caribbean interface is affected by circadian
and seasonal variation in wind direction. This effect is due to the
southern exposure of the Central Bay - Caribbean interface and results
in switching the wind drift in and out of the bay. This switching is not
vet wverified with drift bottle studies (Goldman, 1972). Thus, wind
vector fluctuations must be accounted for to estimate flows. As summarized
in Appendix A, two directions of wind bredominate: northeast (60°) at
night, and most of the day during winter months (January through March);
and southeast (120°) during the day most of the year. The northeast
component is dominate approximately 50% of the time, and the southeast
component is dominant 60% of the time. These two average wind vectors
are included in the wind drift data summarized in Table 2. As indicated
in Table 2, the vclume of flow from wind drift is most significant for
the exposed Central Bay where surface water drifts into the bay during
the day and exits at night.

The wind driven flow entering the bay is 2.92 x 10° m3 ang the flow
driven out the bay is 1.95 x 106 m3 daily. These quantities compare with
the 2.65 x 106 3 per day moving by tidal forces (see Section 3.0}. How-
ever, the wind driven circulation of the bay is a critical variable for
the exchange of water in Guayanilla Bay since this factor fluctuates sea-
sonally and dailv, and may control upwelling (see Section 2.6).

INational Oceanic and Atmospheric Administration data from Ponce. Confirmed
with selected monthly measurements at Guayanilla Bay (Chartock, in preparation).




TABLE 2

Hydrologic Flux Summary?

{108 m3 per day}

Flux

) Compartment Wind® Industrial Runoff and
Compartment Volume Tidal { Summary) Pumping Groundwater
Western Bay 3.30 0.918 1.82 - 0.072
Central Bay 37.6 2.65P 8.59 - 0.150
Intake 1.35 0.114 3. 33 2.16 .008
Thermal Cove 0.52 G.071 . 107 2.16 .002
Scoutheast 1.56 . 244 4.09 = =
Embayment
Total 44 _ 33 2,658 = = =232

Data tabulated are aggregate flows. Separate f£lows among compartments
are presented in Table 5.

The total flux of the bay system passes through the Central Bay
(volume of Central Bay changes 1.30 x 10® m3 during a tidal cycle).

Wind drift estimate of deeper channels based upon movement of upper

3m of water at 1% of wind velocity (2.9 m/sec). For shoals or sills

where this depth was less than 3 m average sill depth was used., See Appendix
B for detailed wind drift data.




2.3 INDUSTRIAL PUMPING

Hydrologic budgets of the intake, thermal cove, and southeast em-
bayment are affected significantly by the Costa del Sur Oil-fired Power
Plant, which operates by ocnce-through sea water cooling. When all six
units {(boilers) are on-line, the cocling water flow is 37.6 m3/sec.

This plant operates with a power factor of aporoximately 80% so that
estimated pumping is 2.16 x 10% m3 per day. This pumping alone exchanges
the volume of the thermal cove five times daily.

2.4 RUNOFF AND GROUNDWATER

The Western Bay receives runoff from the Yauce River Watershed,
and the Central Bay receives runocff from the Guayanilla and Macana Rivers.
The Yauco River is impounded at the Luchetti Reservoir, and scme flow is
diverted out of the watershed. The river valleys in all the watersheds
in Fig. 2 are developed for irrigatead agriculture, primarily sugar cane.
Runoff is highest in June through November, and low from Decemper through
May. The average annual streamflow for the Guayanilla River, measured
approximately two Km upstream from the pvay discharge, is 29.6 x 109 m3
per year; for the Yauco River is 13.5 x 10°2 np3 per year; and for the
Macaha River is 9.8 x 10° m?3 per vear (Crocks, €t al., 1968). Summary
cata for watershed flows are included in Appendix BE. Potential water
entering bay compartments from groundwater and runoff is 26,3 x 106 m
per year to the Western Bay and 54.3 x 100 np° per yeary te the Central
Bay. Actual freshwater entering is likely to be somewhat less due to
domestic freshwater use and evaporation in agriculture.

The geological structure of Guayanilla Bay 1s heterogeneous with
a2 karst topography in Miocene Limestone that outcrops at the surface
(Morelock, et al., 1979). A variety of marine and alluvial sediments
occur at the surface. Both the limestone and unconsolidated sediments
serve as aquifers, and the allivium has bes=n extensively develcped for
irrigation supply.

Groundwater influx into the bay has been estimated from average
groundwater flow along the south coast of Puerto Rico. A daily average
discharge of 2.1 m3 per lineer foot of shoreline has been estimated
(Puexrto Rico Water Resources Authority, 1972). This estimated value is
within a factor of 0.5 of the groundwater flow from the watersheds above
Guayanillia Bay estimated by the U.S. Geological Survey {Croocks, 1968).

The freshwater flew is small as an annual average, approximately
8.8% of the tidal flux, but seasonal variation and individual storm
events can make this a very important factor, witn some measurements of
peak runoff of 1.4 x 10% m rer day for the Guavanilla and Yauco Rivers

IThese data are based on 66% evaportranspiration losses of water entering

the lower basin, based on similar lesses in U.S.G.S. upper basin
measurements.
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Fig, 3 Guayanilla Bay Watershed (Modified from Crooks, et. al. 1968 p. 12).




(almost one-half the tidal flux during hich rainfall periodz).!  The

freshwater flux is ulso important for mairtaining the brackish watoer

conditions of the Western Bay, and thi: is z ~ritiecal physical factor
in structuring the bictic community and its encroy flow patterns.

2.5 COTHER SOURCES

Four other sources of hvdroleogic flux occcur: Drecipitation, evapora-
tion, storm surges (steorm tides), channel dredging, and ship traffic.
These sources of flux, however, are either small or infreguent. Direct
precipitation from the annual average rainfall of %0 cm in the rclatively
arid coastal environment (Cintréanugo, Pool and Morris, 1978) results
in an addition of 79,400 m3 of water annually, divided among bay compartments
accorcing to surface area. Most of this addition occurs from May through
October. This flux is about three orders of magnitude smaller than
categories shown in Table 2.

Arnual pan evaporation ic 79.9 inches at Ponce, with very similar
values at Guanica and Sabana Grande (Staff, National Oceanic and Atmos-—
pheric administration, perscnal communication lovemzer, 137%). This
results in & flux of 18 x 10° m3 anpually or avrroximately 49,000 m3
daily Zrom the entire bay (see Table 2.

Storm surces accompany the tropical depressions, storms, and hurri-
canes that frequent the Caribbear. The hurricane force winds and storm
surge contacts Puerto Rico an average of cnce every six years (Puerto Rico
Water Resources Authority, 1272). Thesc storms have different intensities,
but a maximum expected storm surge along the south coast would result in
about 3 m storm tide (Puertoc Rico Water Resources Authority, 1972).
This tidal stand would pass during a two to four hour periocd and result
in a displacement of 26 x 10° g3 about cone~half the volume of the bay.

The large container ships and tankers entering Guayanilla Bay dis-
FPlace approximately 100,000 metric tons, or 48,000 m3. an average of
one tanker enters and lesaves the bay daily (Puerto Rico Port Authority
Staff, personal communicaticn, 1980). This exchange occurs at the inter—
face between the Central Bay and the coastal water. Thus, water movement
due to tankers traffic is similar in magnitude to evaporation water flux,
although very localized.

1Much greater rainfall occurs during tropical storms. Uncontrolled

runoff from the three drainage basins can be eguivalent to 1.9 x 107

(10 cm of rainfall over a 24 hour period in the drainage basin). This

is about 0.4 times the volume of the bay. Much of this runoff would

be released within a ane day period (Gregg Morris, personal communication) .




TABLE 3

Water Flux from Frecipitation and Evaporation
(103 m3 per dav)
Direct
Locaticon Precipitation Evaporation
Western Bay 7.47 16.9
Central Bay 10.69 23.9
Intake 0.94 2.11
Thermal Cove 0.58 1.31
Sotctheast Embayment 2.00 4.49
Total 21.7 49.00
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Propeller pumping by 2,000 horsepower tugboats displaces water
across the bay - coastal water interface. The tugboats have a thrust
that moves 29,900 m3 per minute. Approximately four tugboats per day
transit the mouth of the bay, each crossing in an average of five seconds
over the Central Bay - coastal interface. This results in an estimated
localized movement of 10,000 m3 of water in each direction.

2.6 EQUILIBRATING FLOWS

Equilibrating flows are established in the bay that maintain the
volume of compartments. Equilibrating flows are the result of gravi-
tational force that results in flow to establish a uniform {level) geo-
potential surface. For example industrial pumping reduces the volume of
the Intake Bay so that water flows into the Intake Bay from the Central
Bay to re—establish equilibrium. In this case, surface water of the
Intake Bay is moved by wind into the Central Bay, and an equilibrating
flow is the cool bottom water from the Central Bay. This movement of
bottom water has been substantiated by drogue and temperature studies
(Goldman, 1979). The size of equilibrating flows are mass balance
estimates of counter currents. They are based on the assumption that the
average daily volumes of the Guayanilla Bay compartments are constant
(see Section 3).

Increased easterly winds force surface water into the Western Bay.
A bottom equilibrating current from the Western Bay is established as a
counterflow that exits a narrow channel near Punta Verraco, resulting’
in an outflow of turbid Western Bay water into the Central Bay. This
flow is substantiated by observations of the extension of turbid Western
Bay water that moves east into the Central Bay and then south along
Punta Verraco.

3.0 MODEL AND PROPERTIES

The model of the bay storages and flows is shown in schematic form
in Fig. 4, indicating the inputs and discharges of water and the flows
among compartments. The external energy sources are listed in Table 4
with a summary description of the magnitude and type of force described
in the previous section. The flows are listed in Table 5, including the
origin or source compartment when the source of flow is within the
Guayanilla Bay system. The transfer coefficient, or proportion of the
source .compartment that flows each day, is also provided. The largest
flow is an upwelling equilibrating counter current flowing into the Intake
Bay, largely the result of westward wind drift and industrial pumping.
Generally, wind driven currents and equilibrating flows are the largest
flows between compartments.

The exchange of water in and out of the system as a whole, however,
is dominated by both tidal flow and wind. Wind drives about 10% more
water into the bay (J4) than tide, but tides flush much more water from
the bay (J1) than does wind (J3). The magnitude of the equilibrating
flow out of the bay is directly related to wind velocity.

11
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bottom water has been substantiated by drogue and temperature studies
(Goldman, 1979). The size of equilibrating flows are mess balance
estimates of counter currents. They are based on the assumption that the
average daily volumes of the Guayanilla Bay compartmentis are constant
(see Section 3).

Increased easterly winds force surface water into the Western Bay.
A bottom equilibrating current from the Western Bay is established as a
counterflow that exits a narrow channel near Punta Verraco, resulting’
in an outflow of turbid Western Bay water into the Central Bay. This
flow is substantiated by observations of the extension of turbid Western
Bay water that moves east into the Central Bay and then south along
Punta Verraco.

3.0 MODEL AND PROPERTIES

The model of the bay storages and flows is shown in schematic form
in Fig. 4, indicating the inputs and discharges of water and the flows
among compartments. The external energy sources are listed in Table 4
with a summary description of the magnitude and type of force described
in the previous section. The flows are listed in Table 5, including the
origin or source compartment when the source of flow is within the
Guayanilla Bay system. The transfer coefficient, or proportion of the
source .compartment that flows each day, is also provided. The largest
flow is an upwelling equilibrating counter current flowing into the Intake
Bay, largely the result of westward wind drift and industrial pumping.
Generally, wind ériven currents and eguilibrating flows are the largest
flows between compartments.

The exchange of water in and out of the system as a whole, however,
is dominated by both tidal flow and wind. Wind drives about 10% more
water into the bay (J4) than tide, but tides flush nuch more water from
the bay (J1) than dees wind {J3). The magnitude of the equilibrating
flow out of the bay is directly related to wind velocity.

11
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TABLE 4

External Energy Scurces

Energy
Source Name Notes
I Tide 30 cm sea
1 elevation change
12 Wind average 2.9 m/sec
13 Streamflow and 87 x 10° m3 per
Groundwater year from water-
shed
14 Precipitation 90 cm/year
I5 Evaporation 200 cm/year
T Shipping 60,000 m3/day
I, Industrial pumping 2.16 x 10° m3/day

13
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The interrelationship amcng causal forces and storages that determine
system behavior is provided in the system eguations in Table 6 and shown
in the energy circuit diagram in Fig. 5 (Odum, 1971). Appendix C contains
the hydrologic model written in BASIC with annual average values used for
external energyv scurces. The simulation results are also provided. Ap-
pendix D lists a model that includes 24 hour wind direction shift and
25 hour tidal day. The equations and computer model can be used to
predict responses to changes in either the external energy sources or
the physical and biological characteristic that determires the transfer
rates within the Guayanilla Bay system. )

Examples of biclogical properties that control svstem behavior are
the mangrove forests and seagrass beds that control the rate of water
movement across channels. Mangroves determine channel width and the
seayrass beds stabilize bottoms and reduce wind driven currents (Scoffin,
1970).

Many of the physical and biological structures controlling hydraulic
flux have been manipulated by dredging, constructions of jetties, and by
industrial pumping. For example, changing the intensity cf industrial
pumping dramatically alters the degree of upwelling in both the Intake
and Southeast Bays. The effect of decreased pumping on the Southeast
Bay would be to substitute coastal water for the surface waters originating
in the Intake and thermal cove areas, The amount of water upwelling in
the Southeast embayment would nearly double if the industrial pumnping
ceased. The implication of selected management options for effective
use of the bay is briefly described in Section 5 and in the Executive
Summary.

4.0 MODEL VERIFICATION

Much of the data used to develop estimates of system parameters are
based on measurement of relatively stable characteristics such as shcore-
line dimensions and bathymetry. However, many system parameters are not
directly measurable, are stochastic (with a high degree of variability),
or must be inferred (e.g. the eguilibrating flows). One purpose of the
model is to identify parameters that critically affect system behavior
but that are poorly understocd.

Summarized below are selected descriptions of the reliability of
model data and some observations that substantiate fundamental inter-
relationships.

4.1 STORAGE VOLUME

Compartment sizes are based on measurements from National Oceanic
and Atmospheric Administration Navigational Charts.! These have been

INational Oceanic and Atmospheric Administration. June 3, 1978 11th
Edition. Charts No. 25681 Bahia de Guayanilla and BshiIa de Tallaboa.
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TABLE 6

System Equations @

1. Q} = Western Bay (WB) Volume
Q1 = Ryl = K, 1.0, + K I, tKTI0 - K10 + K 1,0, - Q.
2 Q2 = Central Bay (CB} Volume
0, = foly — KT, - KT O 4 R I+ Koy = Kglo, + K.T.00 - KT,

- + = K.I + K I - K
* KCIB KdISQ2 ¥ KeI4 KiI2Q3 J TQ2 k IQB zQZ
e i - K.I + - - + L. = I
wi2®s T KulyQy ¢ K T00 - 10, Lo 56 T KT,
3 Q3 = Intake Embayment (I) Volume

Y = - + K I, - K. 1T + K. 1.0 -3 + K -~ K. I
Q3 = Kely = R 10, + RI, = KL o TR~ (IR * K9, - K To

3 ]

4. Qd = Thermal Cove (TC) Volume
.= = ~ - K I - K I - L
Q = K11505 - K I.0, + K I, + Yolg v X195 - K 1,0, r 2% 194

5. {Q_ = Southeast Embayment (SEB) Volume

Y = 3 - K I I - + KT -
Q5 = X149 — K 1,05 + K 1.0, KelsQs + K1, + K 1.0, - K I Q0

- K I
KolRs 1,0, + 1.0,

a. é = rate of change of ¢
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selectively verified by depth soundings of the bay during Fall, 1979.
Field “rip checks on the geographlc boundrics have been provided by
reviewing arcal photographs and by cruising along the shoreline to

verify land - mangrove boundries. Map measurements are probably accurate
within one percent. Average dej.ths of bay compartments are based on

map measurements of five transects in each comnartment, with an estimated
error rangs oI 3%. Overall compartment size errors is within 5%.

4.2 CURRENTS

Verification of water movements is nased on drogue, current meter,
and dye studies of current velocity. These studies substantiate wind
velocity and surface current measurements 1n open water arcas. However,
detailed coniirmation of wind-current reletionships have not bheen made.
Related studies of wind drift indicate variation cf 10 to 50% of actual
values (Lange and Huhnerfuss, 1979).

The existence of all eguilibrium currents has been substantiated
with drogue studies (Goldman, 1978). In addition, the general re-
lationship between wind velocity and the magnitude of equlilibrium
(return}) Ilows is substantiated by observations; for example, of the
extension of turbid Western Bay water into the Central Bay. Wind and
current velocity relationships are also substantiated by multi-depth
drogue observations {Goldman, 1978).

4.3 FRESHWATEZR INPUT

Surface water inputs have annual variation of + 40% of the mean
anoual flow. Although large yearly variation in runoff occurs, the
long term average yearly runoff values used in this report are probably
representative within 10-20%.

Groundwater flow data are subject to considerable uncertainty.
However, total freshwater influx can be verified independently by
calculating dilution of Caribbean water in the bay. Dilution of
Western Bay waters occurs to the range of 28 to 33 parts per thousand
salinity. Total freshwater flow data used in this report are consistent
with this range of salinity given the rates of tidal and wind driven
water flux (see Table 7). Salinity stratification and mixing data have
not been evaluated, however, and errer range is uncertain.

5.0 MANAGEMENT IMPLICATIONS AND CONCLUSIONS

Guayanilla Bay is a complex, multicompartment estuary with distinctive
sub-areas. From a physical standpoint, the hydrology is affected by
numerous separate forces that collectively characterize the bay. From
a biological standpoint the bay compartments also function distinctly,
but are highly interdependent (Chartock, in preparation). The hydrologic
behavior of the bay can he managed to affect its bioclogical properties
and human uses as an "Industrial Marine Ecosystem” (Tilly, 1979).
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TABLE 7

Relationship of Salinity to Flushing in Western Bay®

Salinity in Accumulated
Western Bay Fraction of Volume of Flushing
(oo ) Fresh H20 Freshwater Time
(m~)

28 . 188 622,000 8.635
29 .1594 526,000 7.3067
30 . 18 435,000 5.97
39 10 334,000 4.6
32 7 237,800 3.3
33 .04 143,000 250

a. Assumes that the Central Eay has a salinity of 34.5 parts/thousand,
and that the volwume of the Western Bay of 3.2 x 109 n3 and total
freshwater input is 72,000 m3 prer day.
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5.1 MANAGEMEMT OF BATRYMETRY

The relative isolation of the Western Say from the Central Bay
can be modificd by drcdaging the shallow =il that separates these
compartmentys, as one cxample of a management action. The sill depth
and width peramcters influence the strata of water that entcer or leave
bay compartments and thz source of water for eguilibrating return flows.
The chiannel, for example, tha* kenetrates tne 5ill near Punta Verraco
prevides for +he ecuilibrating flow of aeeper, roorly oxygenated waterx
cut of the Western Bav to the Central Bay, ana mav be one factor main-
taining the oxygen concentration in the eutrophic Western Bay (Chartock,
in preparation) that sustaing o small commercial fishery (Cole, 1976).
Thus, effects of alternative dredging plans on the transfer coefficients
for wind driven currentcs and for eguilibrium return flowz should be
cvaluated with the models such as the one described here.

Dredging is a continuing process used by industry in Guayanilla Bay
to maintain adeguate rort conditions. Suspended materials in shallow
waters moved by the wind drift are a major scurce of sediment that isg
transported in the bay. The sediment bucget of the bay can be managed
to reduce or divert sediment sources to mirnimize dredging expenditures.
Managine biclogical vorulations that Gtapilize the pottom may also be a
mechanism to avoid or mirimize cestly cdredging vrograms. The model de-
scribed here only provides an initial framewor}k for sediment management.
A detailed sediment budget is needed to implement an effective stabil-
ization program.

5.2 WATEESHED MANAGTMENT

Groundwater and surface water flows are important for maintaining the
biclogical and physical characteristics of the Western Bay such as
community composition, productivity, turbidity, and total particulate
mattexr.

The freshwater flow is dependent on surface and subsurface develop-
ment of the watershed (U.S5.G.S5., 1268). For example, increased ground-
water pumping coupled with severe drought, can result in sea water in-
trusion from the bay into the alluvial sediments in the Guayanilla valley.
Development of storage and groundwater recharge capacity in the three
rivers that enter Guayanilla Bay, nceds to be evaluated as a mechanism
to both maintain continued groundwater use and sustain brackish water
conditions in the Western Bay. Periodic floods affect the shoreline and
bathymetric characteristics, espegcially in the Western Bay. Management
of the long term average flows of freshwater can easily be included in
an evaluation based on the model preserted here, but the dramatic changes
produced by periodic floods require additional model parameters.

5.3 INDUSTRIAL INTAKES AND DISCHARGES
Industrial pumping enhances upwelling at the boundary between the

Intake and Central Bays, and reduces upwelling at the mouth of the Southeast
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APPENDIX A
Wind Drift Data Supplenment

Wind Speed and Divection

Wind speed data used in this report are based on 8 vears of
observations taken at Santa Isabel Airport during the period 1946-
1953. These indicated an annual mean wind speed of 2.9 m/sec. A
less comprehensive set of data for Tallaboa Bay., (adjacent to Guayanilla
Bay) show that winds recorded over the one year period beginning
June 1, 1975, and ending May 31, 1976, averaged 2,8 m/sec, when
corrected from the 250 ft measurement level tc a level 10 m above the
ground. Wind vector data are sumrmarized in Tabkle A-1. Table A-2
summarizes the basis for wind drift flows between compartments based

on direction of exposure, depth, and the vector of wind velocity.

'Puerto Rico Water Resources Authority, 1976. South Coast Power Plant
Complex. p. 42.
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TABLE A-1
WIND STATISTICS

Santa Isabel Airport
Santa Isabel, Puerto Rico

Mean Wind Epeed

m/sec Direction
January 3.0 ENE
February 2.8 NE
March 3.4 ESE
April i SE
May 2.9 SE
June 3.2 SE
July 34 3 SE
August 3.1 E
September 2.6 E
October 2.4 N
November 2.3 NE
December 2.3 NE
Based on the period 1946-1953,
Sources: Puerto Rico Water Resources Authority 1976. "South Coast

Power Plant Complex" Table 4. 2-1.
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Footnotes to TABLE A-2

Channel between Cayo Mata and Commonwealth Oil Refining
Corporation {CORCO) Jetty.

Channel between Punta Gotay and Cayo Mata.
Channel between CORCO, Jetty and Punta Papillo.

Communication from east side of Intake embayment is through
forced pumping to thermal cove.

Deep portion of channel from Punta Gotay to reef midway
to Punta Verraco.

Shallow portion of channel between reef (see d above) and
Punta Verraco.

Sectional area for wind drift is the width times sill depth
or 3 m, whichever is shallower.

Wind drift calculation is based on velocity of wind driven
water through channel. Movement of water is estimated at

1% of average wind speed (2.9 m/sec), and direction (easterly).
Wind drift occurs in the upper three meters unless a sill is
present, in which case the average sill height is used.

Wind direction has an annual average component of 120° for 60%

of the year, and 60° for 40% of the vear based on diurnal and
seasonal variations in Appendix B (and swummarized by the National
Weather Service, 1979}). To account for component of wind drift
through embayment exposure, cosine of velocity component and

time duration corrections have been made for wind vector corrected
daily flow. For most exposures, this results in a 0.866 correction
factor. For the southern exposure of the Central Bay, the
correction factor is 0.2 for flows to the south and 0.3 for flows
to the north (e.g. cosine of angle of wind incidence normal to

the exposure of the bay multiplied by duration of the wind).
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APPENDIX B

Surface and Groundwater Data

TABLE B-1. Annual rainfall on the three principal river basins,
1961 and long-term average.

Drainage Weighted Rainfall
Area cm
River Basin Km2 1961 Long-term
Rio Yauco
Upper basin, (excluding Lago 35.1 132 163
Lucchetti diversion})
Lower basin 41,2 74 94
Entire basin, (excluding Lago 80.3 101 127
Lucchetti)

Rio Guayanilla
Upper basin, above stream station 47.9 185 196
Lower basin 29.5 81 99
Entire basin 77.4 145 160
Rio Macani
Upper basin 19.5 188 175
Lower basin 13.7 96 114
Entire basin 33.2 150 150
Three basins, {excluding Lago

Lucchetti)
Upper basins 50.2 168 180
Lower basins, the Guayanilla-

Yauco area 85.5 79 29
Three basins 191.7 127 145

Source: Modified from Crocks et al. 1968
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TABLE B-2

Annual amount of water received by the Guayanilla-Yauco River basins,
1961-63 and long-term average.

Amount, 106 m3

Source of water 1961 1962 1964 Long term
Average

Rainfall on upper basins

Rio Yauco (does not include 52 49 83 64
drainage area avbove Lucchetti
Dame )
Rio Guayanilla B9 74 117 94
Rio Macand 37 28 36 33
Total rainfall on upper basins 178 151 236 191

Streamflow entering lower basins

Rio Yauco (above first diversions) 20 11 14 1
Rio Guayanilla (gaging station) 27 11 27 29
Rio Macand 11 6 10 10
Total streamflow entering 58 28 51 53
lower basins
Rainfall on lower basins
Rio Yauco 29 29 38 38
Rio Guayanilla 23 25 29 29
Rio Macanid 12 15 17 15
64 69 84 g2
Water reaching lower basins 122 a7 135 135

Source: Modified from Crooks et al. 1968
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APPENDIX C

Listing of Computer Program {in BASIC) with Energy Sources Constant

100  HOME
110 VUTAE 12

120 P?INTI:A HYDROLOGIC MODEL OF GUAYANILLA BAYsPR."
o]

130 vTaE
140  FRINT * BY"

150  PRINT » MICHAEL A. CHARTOCK"
160 FRINT

176 FRINT "CENTER FOR ENERGY & ENVIKONMENT RESEARCH"
180  FRINT "UNIVERSITY OF PUERTO RICO & U.S. B.o.ELY

190  PFRINT " JANUARY 1980"
200 REM
210 REHM

230 REM PLEASE READ REM STATEMENTS FOR SPECIFICATION OF FROGRAM VARIABLES
240 REM T0 OFERATE:LOAD FROGRAM ANDI ENTER RUN! TO PRINT SPECIFY FPRINTER LO
CAT

ION (E.G. PR#2) AND ENTER RUN

250 REM EBAY COMFARTHMENT SIZES IN SECTION 400

260  REM STATEMENT 490 SFECIFIES Ty THE TIME INCREMENT» NOW SET FOR 24 HRS
270  REM INTEGRATIGN ACCOMFLISHED ON HOURLY INTERVALS{ 9200 AND 1200)3THEN PRI
NTI

NG INIICATES DATLY VALUES

280 REM ENERGY SOURCES N0 NOT UARY IN THIS VERSION (SET TO 1 IN 910 — 960)
270  REM MODEL TAKES TIME TO EQUILIBRATE( SEE RESULTS) AS INITIAL COMPARTMENT

SI
ZE IS MEAN LOW WATERsWITHOUT REING

300 REM _ENERGIZED RY THE ENERGY SOURCES.
410 Q1 = 3.30

420 Q2 = 37.4
430 Q3 = 1.35
440 Q4 = 9.52
450 QA3 = 1.54
690 LET T =

24
700 LET K1 = (2.65 / 37.6) / T

701 REM TIDE FROM CE TO CARIEE.
703 LET K2 = (2.,65) / T

704 REM TIDE FROM CARIR TO CR
706 LET K3 = (1.95 7/ 37.6) 7/ T

707 REM WIND FROM CR TO CARIR
710 LET K4 = (2.92) 7 7T

711 REM WIND FROM CARIR TO CB
720 LET K5 = (1.8821 / 2.30) / T

721 REM COUNTER CURRENT FROM WR TO CB
723 LET Ké6 = (1.82 / 37.4) /7 T

724 REM WIND FROM CB TO WR

726 LET K7 = (.918 / 3.30) / T

727 REM TIRE FROM WR TO CR

730 LET K8 = (.918 / 37,6) 7/ T

721 REM TIDE FROM CR TO WR

735 LET K? = (0.072) / 7T
737 REM FRESHWATER TO WR

740 KA = (0.0149 /7 3.30) / T
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REM
LET
REM
LET
REM
LET
REM
LET
REM
LET
REM
LET
REM
LET
REM
LET
REM
LET

REM

LET
REM
LET
REM
LET
REM
LET
REHM
LET
REM
LET
REM
LET
REM
LET
REHM
LEY
REM
LET
REM
LET
REM
LET
REH
LET
REM

LET
REM
LET
REM
LET
REM
LET
REM
LET

EVAFORATION FROM WR

KB = (0.007) 7 T
RATNFALL INTO WR

KC = (0,15 / T
FRESHWATER TO CEB

KD = (. 024 / 27,6 / T
EVAPORATION

KE = (.011) /T
RAINFALL TO CB

KF = (0.,008) » 7T
GROUNDIWATER TD INTAKE
EVAPORATION FROM INTAKE

KH = 0.0009 7 7T
RAINFALL TD INTAKE

KI = (3.33 7/ 1.35) / T
WIND FROM INTAKE

K = (.114 7 37.6) 7/ T
TILE FROM CENTRAL RAY TO INTAKE

KK = (.114 7/ 1.35) / T
TIIE FROM INTAKE TO CR

KL = (2,60 / 1.,35) /7 T
FUMPING FROM INTAKE TO TC

KM = (,0021 / ,52y s T
EVAFORTATION FROM TC

KN = (00,0020) / T
GROUNDIWATER T0 TC

KO = (0.,06006)
RAINFALL TO TC

KF = (.071 / 1.56) / T
TIDE FROM SER TO TC

KQ = (.071 / .52) /7T
TIDE FROM THE THERMAL COVE TO SEB

KR = (,187 / ,52) 7 T
WIND FROM THERMAL COVE TO SEB

KS = (,0004 / 1.54) 7/ T
EVAPORATION FROM SEB

KT = (.0002) / T
FRECIPITATION TO SEB

KU = ¢.244 s 37.46) 7 T
TIDE FROM CE TO SER

KV = (.244 / 1.,56) /7 T
TIDE FROM SER TO CB

KW = (4,3498 / 1.56) 7/ T
WIND FROM SEE TO CR

KX = (.058 / 37.6) / T
SHIPPING OUT OF BAY

KY = (,058) / T
SHIPPING INTO RAY

KZ = (5.9231 7/ 37.4) /7 T
COUNTERCURRENT FROM CB TO INTAKE

L1 = (2.4335 7 ,52) 7/ 7
COUNTERCURRENT FROM TC

L2 = (1.7483 / 37.6) / T
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271
875
8746
300
?10
F20
925
230
250
250
970
1000
11000

¥ Q1)
1110

{Ké
Y o+
(KE
1115
%

I2 %
) =
( KX
1118
1129
¥ Q
2) -
1130
X I
1 xa
1150
(K

T % I
X Q

4) +
1200

1450
3000

3200
3950

29469
3970

REM COUNTERCURRENT FROM CR TO SEB
LET L2 = (1.1787 / 37.6) 7/ T

REM COUNTERCURRENT FROM CB TO CARIB
FOR I = 1 TO 24
LET I1 =

LET 12
LET I3

LET T4
LET IS

LET 14
LET 17
IF € = 0 THEN GOTO 3000 ;
+ (K? % I3) - (K& % IS % G1) 4 (KB X I4) + (K8 % I1 % Q2) - (K7 % I1

t (Ké % I2 % R2) - (K5 % Q1) + Q1
AGD = (K2 X I1) - (K! % I1 % Q2) - (K3 % I2 x B2) + (K4 % I2) + (K5 % ai

il

nH
[l = S W TP

it n

¥ I2 ¥ G2) + (K7 % I1 % Q1) - (K8 ¥ Il %x Q2) + (KC % I3) - (KD % IS X @2

X I4)
ER2 = (KI % I2 % Q3) - (KJ x I1 % 02) 4 (KK x I1 x G3) - (K? % Q2) 4+ (KN

B3) - (KU % I1 % Q2) + ¢(KV x I1 x B3) - (L2 % Q2) - (L3 x Q2) + (KY x 16

X Té % Q2)

B2 = AGZ + BQ2 + @2

B3 = (KF X I3) - (KG % I5 % G3) + (KH % I4) - (KI & 12 % G3) + (KJ & Il

(KK % I1 % 03) + (KZ % G2) - (KL % I7 % Q3) + Q3

R4 = (KL X I7 X @3) ~ (KM % IS X G4) + (KO % I4) + CKP % I1 x 85) - (K@

A) (KN X I3) - (KR % I2 % Q4) - (L1 % Q4) + Q4

85 = (KQ ¥ I1 % G4) ~ (KP X I1 X @5) + (KR % I2 % Q4) - (KS X IS x 05) +
43+ (KU X It % 82) - (KV X I1 %X @5) - (KW % I2 % 05) 4 (L2 X G2) 4 (L1

€}

NEXT I

GOTO 4050

FRINT : PRINT

PRINT © TABLE OF COMPARTMENT VOLUMES®

PRINT " (MILLIONS OF CUBIC METERS)"

PRINT

B R e A s g e

PRINY "DAY WESTERN BAY CENTRAL BRAY INTAKE BAY " THERMAL COVE S0

LETC=1¢C 4 1 o .
FRINT C3% “sQ1;" ";Q2; “;Q3;" ";Q3;n ;05
GOTO 909
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A HYDROLOGIC MODEL OF GUAYANILLA BAYsPR.
RY
MICHAEL A. CHARTOCK

CENTER FOR ENERGY & ENVIRONMENT RESEARCH
UNIVERSITY OF PUERTO RICO & U.S. D.0.E,
JANUARY 1980

TAELE OF COMPARTMENT VOLUMES
(MILLIONS OF CURIC METERS)

e AL s )

DAY  WESTERN BAY  CENTRAL BAY  INTAKE BAY THERMAL COVE SOUTHEAST BAY
1 3.3 37.6 1.35 1.35 1.56
2 3.30013766 37.6066268 1.35017663 1.35017663 1.56400454
3 3.30084248 37.6166165 1.35053281 1.25053281 1.56474789
4 3.30134473 37.62534608 1.35085475 1.35085475 1,56514932
5 3.30203102 37.6329315 1.351133328 1.35113338 1.5654848
6 3.30266643 37.6395234 1.35137577 1.35137577 1.56577946
o 3.30323609 37.445279¢ 1.35153734 1.,35158734 1.56603464
3 3.30373995 37.4503128 1.3517723 1,2517723 1.56625761
2.,30418301 37.6547143 1.35193411 1.35193411 1.56645243
0 3.30457162 37 .6585499 1,25207571 1.35207571 1.56662327
1 3.30491207 37.6619427 1,35219943 1,35219943 1.56677262
2 2.30521019 37.6648947 1,3523081 1.3523081 1.56690333
3 2.30547118 37.6674786 1.35240304 1.35240304 1.56701773
4 3.30569964 37.6657402 1.35248614 1.35248614 1.56711788
5 2.30589963 37.6717178 1,35255887 1,35255887 1.56720553
6 3.30607447 37.6734524 1.352462254 1.352462254 1,56728225
17 2.30622789 37 .46749652 1.35267824 1.35247826 1.5673494
18 3.306362 37.6762968 1.35272704 1.35272704 1,56740818
19 3.30647939 37.6774588 1.35276974 1.35274974 1.56745963
20 3.30458214 37.67B4759 1.35280711 1.35280711 1.56750447
21 2.30647208 37 .6793662 1.35283982 1,35283982 1.56754409
2 3.3047508 37.4801455 1.35286845 1.35284845 1.56757859
23 3.30681971 37.6808275 1.35289351 1.35289351 1.56740879
24 2.30488002 37.6814244 1.35291545 1.35291545 1.56763523
25 3.30693282 37.6819472 1.35293445 1.35263545 1.56745837
26 3.30697903 37.6824044 1.35295146 1.35295144 1.56767862
27 3.30701947 37.6828049 1.35594417 1.35298617 1.56769635
28 3.320705488 37.683155 1,35297905 1.35297905 1.5677118%
29 3.30708%87 37 .6B344622 1.35299032 1,35299032 1.56772545
30 3.30711299 37.6837367 1.35300018 1.35300018 1.56773734
2 3.30713674 37.6839457 1.35300882 1.35300882 1.56774774
32 3.30715751 37.4B41714 1.35301638 1.35301638 1.56775485
o 3.30717571 37.6843515 1.35302299 1.35302299 1.56776482
34 3.30719163 37.6845091 1.35302878 1.35302878 1.5677718
5 3.3072055 37.6846471 1,35303385 1.353033285 1.56777791
34 2.30721776 37.4847478 1.35303329 1,353032829 1.546778326
37 3.30722844 37.6848735 1,35304217 1,35304217 1,56778794
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THERMAL COVYE SOUTHEAST BAY

35

38 3.30723779 37 .68B4966& 1.35304557 1.35304557 1.56779203
39 3.307245%7 37 685047 1.3530485%5 1.35304855 1.546779562
40 3.30725313 37.6851179 1.35305115 1.3530511%5 1.56779876
41 3.3072594 37 .6851799 1.35305343 1,35305343 1.5678015
42 3.30724648% 37 .468523472 1.35305543 1,.35305543 1.546780391
43 3.3072696% 37.6852815 1.35305717 1.35305717 1.56780601
44 3.307”77 27 .6803234 1,325320587 1.35305%87 1.5678078B6
45 30727/5 37.48535%98 1.353060064 1.35306004 1.56780947
44 34246723079 37 .6853917 1.353646121 1,353046121 1.56781088
47 3030728361 37.6854195 1.32306224 1.35306224 1.5464781211
48 2.307234607 37 .685444 1,3530463213 1.3530463132 1.5678132
49 3.30728824 37 .6B854653 1.35306372 1.3536G6392 1.546781414
50 330727013 27.6854841 1.33264461 1.253064613 1.54781497
o1 3.20727178 37 .6305004 1,258306521 1.353306521 1.06781356%
Sz 2.307292323 37.6855148 1.35306573 1.35306573 1.56781633
23 3.30727447% 37 .4855273 1.35306617% 1,35306617 1,56781689
54 343070704 37 .6855383 1.353C¢6646 1.35306465 1.56781737

o5 3.307279658 37 . 6BU54T7 9 1.33306695 1.3353066%5 1.5678178
54 3.36729742 37 .4BES563 1.35306726 1.35306726 1.56781817
Gy 3.320725317 37 . 46B554637 1.3530675 1.35306753 1.5678185
g 2430727832 37 6825701 1.205308777 1.33306777 1.326781878
o7 3.R07259%93% 37 . 6855758 1,35304778 1.35306798 1.546781903
60 3.307297E87% 37 . 6255207 1.33306816 1.35306816 1.56781925
= L I07 30032 37 . 685580 1.35306832 1.35306832 1,56781944
62 2.307306071 37 . 66525888 1,203046845 1,35306845 1.56781961
&3 3.30730104 37 .6855921 1.3530685 1.353¢6858 1.567831975
o4 J.30730133 374685595 1.353046868 1,323056848 1.54781%988
S 330730159 376855975 1.33306877 1.35306877 1.56781999
&6 3.30730181 37.56855997 1.3530468846 1,35306886 1.56782009
7 3.307302 27.680460164 1.3533046893 1.35306893 1.26782018

5] 3.30730218 37.6806034 1.35306899 1.333046899 1.56782025
&7 3.30730233 37 .6856048 1.35306704 1,3353306%04 1.56782032
70 3.3073024¢6 37 .68546G61 1,33306%09 1.35306%09 1.56782038
71 3.2073025 37.46856072 1.35306%13 1.35306713 1.56782043
72 3.307302647 37 .6856083 1.25306%17 1.35306917 1.56782047
73 3.30730276 37 .4806071 1.3533204672 1.353045972 1.534782051
74 3.3673G6283 27 . 6856098 1.35306923 1,353046723 1.5678%2054
7o 343473027 37 .6856105 1.35306920 35306925 » 26782057
7é 3.30730296 37.6856112 1.35306928 1.35306928 1.5678206
77 3.30730301 37.46856114 1.3536672% 1.353046%72% 1.36782062
78 3.30736306 37.683612 1,35306731 + 30306931 1.56782063
75 3.3073030% 37 .68546123 1.35306%932 1.35306932 1.546782065
30 3.307306312 376896127 1,353046%33 1.35304%33 1.56782067
a1 3.30730315 37 .685613 1.353046734 35306734 1.56782068
82 3.30730318 37.6856134 1.35306736 1.35306%36 1.5678206%
E3 330730321 37 .6856138 1.35306937 1.35306937 1.56782071
84 J. 30730324 37.685614 1.353046738 1.353304938 1.q678°07“
85 3.307303326 37.4685614 1.353046%538 1.35304%738 1.56782073
86 3430730327 27 .46E56141 1.353046738 1.353046938 1.56782073
g7 330730327 37.4856141 1,35306238 1.35306%38 1.36782073
68 3.30730327 37.6856141 1.,3530472328 1.3530467238 1.56782073
87 3.30730327 37.6856141 1.353046738 1.35306738 1,56782073
70 J.30730327 37.56856141 1.353046938 1.353066738 1.567B2073




APPZNDIX D

Lieting of Computer Program with Hourly Tidal and wind variation
and Table of Compartment Results
100 HOME

116 VTaR 12
120  PRINT "A HYDROLOGIC MODEL OF GUAYANILLA BAY,PR,*

125 PRINT “VERSION E! PRINTS OF PLOTS HOURLY VOLUME"™
130 VUTAER 15

140 PRINT * BYy*

150 FPRINT MICHAEL A. CHARTOCK™

166 FPRINT

170  FRINT "CENTER FOR ENERGY & ENVIRONMENT RESEARCH"

180  PRINT "UNIVERSITY OF PUERTO RICO & U.S. D.OL.E,"
190  PRINT " JANUARY 1980°"

200 REM REFER TO DAILY VERSION (AFPENDIX C) FOR ADDITION NOTATION

210 REM STATEMENTS 490 OR 1400 CONTROL PRINT OR PLOT OPTION
220 REM TO PLOT CHANGE 1600 TO “GO0TO 6000" AND DELETE STATEMENT 490

230 REM SECTION 900 CONTROLS HOURLY CHANGES OF WIND AND TIDE
240 REM HMANIFULTION OF UARIABLES FERMITS AN EVALUATION OF CONTROLS ON SYSTE

M E
EHAVIOR,

250 REM SEE AFFENLED TAELE FOR BEHAVIOR OF PRESENT CONFIGURATION. NOTE REDU
CTI

ON OF VOLUME OF CENTRAL BAY FROM NORTHEAST WIND IN MORINING FOLLOWED BY FURTH
ER

REDUCTION EBY TIDE IN AF TERNOON,
Q1 =

410 = 3,320
420 Q2 = 37,4
430 R3 = 1,35
440 Q4 0.52

450 Q5 = 1.5

490  GCOTO 699
HOME

500

600 REM GRAPHICS SECTION
610 HGR

620  HCOLOR= 7

470 LET 1 = 24

700 LEYT K1 = (2,65 / 37.6) 7 T
701 REM TIDE FROM CR 7O CARIER.
703 LET K2 = (2.65) / T

704 REM TIDE FROM CARIE TO CR

700 LET K3 = ¢1,95 / 37.4) /7 T
707 HREM WIND FROM CB TO CARIE

710 LET K4 = (2,92) / 7T
711 REM WIND FROM CARIE TO CR

720 LET K5 = (1.8821 /7 3.30) / T

721 REM COUNTER CURRENT FROM WR TO CBR
723 LET Ké = (1.82 / 37.4) / T

724 RE WIND FROM CE TO WE

726 LET K7 = (.918 7 3.30) / T

727 REM TIDE FROM WB TO CB

730 LET KB = (.918 7 27.6) / T

731 REM TIDE FROM CE TO WR
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725 LET K9 = (0,072 / T
737 REM FRESHWATER TO WB
740 Ka (0.016% / 2.30) / T
741 KREM EVAPORATION FROM WEB
745 LET KR = (0.,007) / T
7446 FEM RAINFALL INTQO WR
7590 LET KC = (0.15) /7 T
731 FEEFM FRESHWATER TO CH
5% O LET KD = (.,024 / 37.6) /7 1
756 REM EVAPORATION
760 LET KE = (.,011) / T
761 FREM RAINFALL TO CE
765 LET KF = (0.008) / T
766 REM CGROUNDIWATER TO INTAKE
770 LET KG = (.002 /7 1.35) /7 7T
771 REM EVAPORATION FROM INTAKE
775 LET KH = 00,0009 / T
774 REM RAINFALL TO INTAKE
780 LET KI = (2,33 / 1.35) / T
781 REM UWIND FROM INTAKE
785 LET KJ = (.114 / 37.6) 72 T
786 REM TIDE FROM CENTRAL BAY TO INTAKE
7B8 LET KK = ¢.114 /7 1.35) / T
789 REM TIDE FROM INTAKE TO CE
790 LET KL = (2.60 /7 1.35) / T
791 REM PUMPING FROM INTAKE TO TC
795 LET KM = ¢(,0021 7 .52) /7 T
796 REM EVAFORTATION FROM TC
800 LET KN = (00,0020) / T
801 REM GROUNDWATER TO TC
805 LET KO = (0.0004)
B0A6 REM FRAINFALL TO TC
B10 LET KP = (.071 / 1.563 / T
811 RKREM TILDE FROM SEE 7O TC
B1S LET KR = (.07% 7 .52) 7 T
816 REM TIDE FROM THE THERHMAL COVE TO SER
820 LET KR = (.147 /7 .52y / T
821 REM WIND FROM THERMAL COVE TO SER
B25 LET K5 = (.0004 / 1.546) / T
B26 REM EVAPORATION FROM SER
830 LET KT = (.0002) / T
831 REM PRECIFITATICN TO SER
835 LET KU = (.244 7/ 37.86) /7 T
836 REM TIDE FROM CE TO SEE
B840 LET KV = (.244 / 1.54) 7/ 7
B41 REM TIDE FROM SEER TO CE
845 LET KW = (44,3498 7 1.56) / T
844 REM WIND FROM SER TO CEB
850 LET KX = (.038 / 37.8Y /7 T
851 REM SHIPFING QUT OF EAY
855 LET KY =(.058) / T
83%4 REM BSHIPPING INTO RAY
860 LET KZ = (5.9231 7/ 37.6) /7 T
861 REM COUNTERCURRENT FROM CE TO INTAKE
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863 LET L1 = (2.4335 / ,52) s 7T
B6& REM COUNTERCURRENT FROM TC 10 SER

870 LET L2 = (1,7483 7 37.4) / 1

871 REM COUNTERCURRENT FROM CE T0 SEE
875 LET L3 = (1,1767 / 37.6) 7/ T

876 REM COUNTERCURRENT FROM CE 70 CARIK
880 REM CGRAPHICS SECTION A

900 REM CALCULATES STORAGE VALUES

903 LET HR = HR + 1 .

910 LT Il = ( COS ((HR / 12.5) % 3.1414))

915 IF HR = 25 THEN HK = 0

718 LET HW = HW ¢ 1

220 IF HW > 12 THEN I2 = 1,25:K3 = 0
225 IF BW < 12 THEN I2 = ,75:K4 = 0
928 IF HW = 24 THEN HW = 0

930 LET 14 =1

9590 LET I5 = 1

960 LET 14 = 1

970 LET I7 = 1

1000 REM TIDE SWITCH

1010 IF I1 = > 0 THEN K1 = 0!K7 = QiKK = ¢ =0
1020 IF It < 0 THEN K2 = 0:K8 = 0IKJ = 0:!KQ = 0:KU
1030 LET I1 = AR5 (I1)

1100 Q1 = + (K9 % I3) - (KA % I4 % Q1) + (KR % IS) + (K8 x Il x Q2) - (K7 %

I1

X @1) + (Ké * I2 % Q2) - (KS % Q1) + Q1 -
1110 AB2 = (K2 % I1) - (K1 % I1 % Q2) - (K3 X I2 % Q2) + (K4 % I2) + (K5 % Q1
¥ s :

(K6 % 12 X Q2) 4+ (K7 X I1 % G1) - (K8 ¥ I1 x Q25 + (KC x I3) - (KD x IS5 x @2
) 4

{(KE x 14)

1115 BG2 = (KI % I2 % @3) - (KJ % I1 % Q7) + (KK % I1 % Q3) ~ (KZ % 02) + (KW
x

IZ x B5) - (KU * I1 X R2) + (KV % Il % Q5) - (L2 % G2) - (L3 * G2) + (KY % 16

(KX * Is6 x Q2)

1118 G2 = AR2 + BR2 + Q2 L
1120 Q3 = (KF % I3) - (KB % IS % Q3) + (KH % I4) - (KI % I2 % G3) + (KJ x It
* Q

2) - (KK % I1 % Q3) + (KZ % Q2) ~ (KL % I7 X 33) + 43 :
1130 Q4 = (KL % I7 % Q3) - (KM % IS5 % Q4) t (KO % I4) + (KF % I1 % Q@5) - (KG
x I

1 X G4) + (KN X I3) -~ (KR % I2 % Q4) - (L1 % @4) + Q4

1150 QS = (K& % I1 % 04) - (KF % I1 % @55 + (KR X I2 % G4) - (K8 % IS5 % G5) +
(K

T* I4) + (KU % I1 X Q2) - (KV % I1 % Q3) - (KW % I2 % 035) + (L2 % G2) + (L1
x Q
4) + @5

1600 GOTO 3500
1990  PRINT “TIME: “;C

2000 PRINT Q1

2010 PRINT (2
2030 PRINT Q3

2040 PRINT G4

2050 PRINT Q5
2090  PRINT

3000 GOTO 900
3500 IF €= .> 1 THEN 6OTO 4100

. 3600 PRINT ¢ PRINT

3900 PRINT “ ) TABLE OF HOURLY COMFARTMENT VOLUMES"
gg%ORnpﬁlNT " {MILLIONS OF CURIC METERS)

—n ' k1|




10000

PRINT "HR WESTERN KAY CENTRAL BAY INTAKE BAY THERMAL COVE SOUTHEAS
PRINT M e ————e —————————
PRINT C#" “:Q13¢ "2 "3 YiQR4" " 305
LET C=¢C + 1
COoTO 700
REM PLUT SECTIUN
LET TP = TP 1
HPLOT TP, - (01 ¥ 305 + 159
HPLOT TPy ~ (Q2 % 4) + 159
HPLOT TFy — (G3 x 30) + 159
HPLOT TFy — (G4 % 30) + 189
HPLOT TPy (G5 % 30) + 159
IF TP = 279 THEN TP = 0
VTAR 22
PRINT Q1,Q2,03:Q4,05
GOTG 70¢
ENI
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