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1.0 ABSTRACT
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The .State of Florida has a very different set of hydrological cycle sys­
tems which make it unique among the southeastern states. These unique water
supply and storage factors within this system contribute to problems within
the state concerning the availability of water to meet the expanding competi­
tive needs of the state's urban, industrial, and agricultural, cOll1lluni,ties.

There is a direct. conflict created within the state on the demand of
water by the var,lous USers. In the past the large agricultural demand has not
created any problem; howev~r, with the rapid population increases in the state
and the new industrial expans ion, 'the user conflictgtows dai 1y. Thi s grow; ng
confl i ct between users, coupl ed wi th the uni que Florida hydro1og1 ca l:suPPly
problem, creates a delicate balance between supply and demand which requires
specific extensive data baSes and models to help water resources managers make
realistic decisions concerning their water resources.

The University of Florida,Instituteof Food and Agricultural Sciences
(IFAS) had been previouslywork:ing with several of the Florida Water Management
Districts, and therefore wa's familiar with many'of their proqlems. The IFAS
had also been working w.ith the National Aeronautic and Space Administration
(NASA) Kennedy Space Center Applications Projects Branch (KSC) on remote sens­
ing research projects directed toward applying NASA technology to agricultural
problems. With this background IFAS and KSC recognized that many developments
in space technology had potential for applicationto the critical problem of
Florida's water resources. Since the South Florida Water Management District
(SFWMD) had been in operation for many years and had worked with IFAS on water
management data needs in the past~ it was decided to develop a joint Water
Resources project among IFAS, NASA, and SFWMD. This resulted in the submission
of a NASA funded Florida Water Resourc'esManagement, Research and Technology
Objectives and Plans (RTOP,) . (UPN 177-55-91) in June of 1977. This project pro­
posal not only included a beginning effort of the development of remote sensing
data techniques for the SFWMD, of more significance it required the development
of a Long Range' Plan. This Long Range Plan would include the cooperation of
all five Florida Water Management Districts and culminate in the development
of a state-wide Water Resources Management Information System, based on state­
of-the-art remote sensing and Automatic Data Processing (ADP) technology, which
would 'provide an adequate data base to help all of the Water Management Dis­
trictsso1ve their critical water supply and water use allocation problems.
The project was proposed as a five-year research program, however due to NASA
funding problems, only one year of the research program was funded. Therefore,
the r~sults of the research program can only be considered interim and further
researlch would be required to develop final conclusions.

This one-year research project consisted of seven tasks along with the
development of a proposed Long Range Plan required to implement the entire
five-year research program which would result in a Florida Water Resources
Management Information System that could be used by all of the five Florida
Water Management Districts. A condensation of the purpose and results of
these technical tasks and the Long Range Planning task are included hereinafter.

A method was developed whereby the water balance budget model results for
lake Okeechobee could be improved by using LANDSAT data to map the complex
littoral zone vegetation by combining these plant community data with their
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respective transpiration rates. The model res~lts based on this LANDSAT infor­
mation demonstrated a 94 percent reduction in cumulative la,Ke stag~ error and
a 70percentredqction in the maximum deviation of the lake s~age.' To verify
its general appJ1cability, theimprove'ments in water volume prediction using
this method sho'uld be tested in other lake and marshland communities.

In south Florida (SFWMD), large tracts of grassy marshland 'have been set
aside to act as natural water conservation areas. Vast amounts of water stored
in the three major cons~ervationareas are questionable because these areas are
large, remote, and almost flat. A remote sensing technique using LANDSAT
radiance values from BandS and Band 7 for October 17, 1976 in Conservation
Area 3a were4sed to correlate with known water depths, 'thus producing a com- '
plete water depth map for the area. Correlation coefficients as high as 0.75
were obtained using this technique. The volume of the storage area was calcu­
lated for variot:Jsstages and compared to conv.entional data. The results of
this comparison showed errors from 0 to 30 percent with the larg,est error
existing between 7.17 and 8.11, ft MSL. Further research is needed to develop
this technique for all stage levels and to test it in other conservation areas.

The mapping of the vast Florida wetland areas is a difficult task due to
the difficulty of obtaining access to the areas. Also very little research has
been done on the flow resistance characteristics of these natural vegetation
communities that one value of Manning's N roughness coefficient has frequently
been used. A task was undertaken wherein LANDSAT data was used to classify a
typical marshland drainage basin, Chandler Slough in the Kissimmee River Basin,
into six vegetation categories. Detailed flow measurements were made at various
water depths throughout a yearly vegetation growth cycle at some twenty-one
test sites throughout the area. From these flow measurements a family of
Manning's N flow curves were developed for each complex vegetation test site
for various water depths at various growth seasons. These Manning's Ncurves
are being used by the SFWMD to develop better information to deal with water
resources problems ;n marshland vegetated flow areas, such as flood routing,
backwater curve computation, channel improvement and scour problems, etc.

The concept of lake volume measurement from satellite surface temperature
data is to predict lake volume from the energy balance of the lake. The
differential time-rate of change in internal energy of a column in the body
of water would be equal to the sum of the exchanges of all energy flux density
components. A test of this theory was completed using a typical shallow
Florida lake, East Lake Tohopekaliga near St. Cloud. On April 11 and 12, 1978
aircraft thermal scanner data over a 24-hour period was gathered for the lake
along with considerable surface and subsurface data using an instrumented boat.
Sounding information to calculate actual lake volume was gathered by the SFWMD.
Calculations from these data did not adequately predict the average lake depth
due to thermal stratification of the lake. Therefore, a stratified lake model
(a FORTRAN program called LKVOL) was developed to predict lake depth and volume
from measurement of internal energy change and energy flux exchanges. Calcu­
lated lake areas and volumes compared to actual values were at best within 10%
of each other using the various methods. It does not appear that the procedure
as now developed would consistently provide sufficiently accurate results for
operational use. More actual test data needs to be gathered to further refine
and develop the lake volume model.
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Present methods of obtaining rainfall amounts over large areas are unsatis­
factory because rain gauges are placed far apart and their point records do not
reflect true amounts received on the whole ground surface. A method developed
by Scofield and Oliver (1977), based on the empirical relationship that in con­
vection cumulus clouds there appears to be a correlation between the cloud top
brightness temperatures and the temperature gradient to the amount of rainfall.
Software was developed to use half-hourly GOES imageries to measure these tem­
perature relationships by the Scofield and Oliver methods and check the de-
vel oped rainfall data against ground based radar data (from the University of
Miami) and rain gauges. However, due to the lack of coordinated GOES and radar
data, adequate correlation was not obtained. Other similar research by Griffith
(1978) and Fol1anshee (1973) does indicate that such methods could provide very
useful 'rainfall data for the Florida Water Management Districts. Further test­
ing of these methods within the Florida climatological regime needs to be ac­
complished to make such a system operational.

A typical Florida drainage basin, Taylor Creek in south Florida, was chosen
to test methods of developing evapotranspiration (ET) values for various vege­
tation types and climatological conditions using aerial thermal scanner radia­
tion data and ground measured climatological data. Three methods were
investigated for calculating £T on a regional basis. All computed sensible
heat flux density first, and then computed ET from the energy balance equation.
The first was to compute a bulk aerial resistance (rs) from the ground truth
sensible heat flux measurement, and from remote sensed surface temperature,
and from air temperature. The second method was to develop atmospheric stabil­
ity-corrected heat transport coefficients to apply in the turbulent boundary
layer above the grass surfaces. It was found that the termperature difference
in the turbulent layer (6Tt) could be accurately calculated from the surface
temperature to air temperature difference (6TT). This 6Tt was then used in
calculating £T by first calculating the sensible heat flux (H). The third
method used integrated profile stability corrections. Accurate predictions
from this method require the ability to determine the effective height of the
heat source (ZH) to apply to the effective source temperature. Once this value
was determined, the regional ET calculations were made for the pasture scene.
The methodology was tested only over short grass surfaces. Future work is
needed on other types of vegetated surfaces to better define effects of wind
speed, stability, surface roughness, plant height, leaf area index, and soil
moisture conditions on aerial resistances. Comparisons should also be made
between £T computed by relatively detailed surface temperature measurements
and relatively large-scale pixel temperature measurements.

Arl evaluation was made of the SFWMD three-dimensional aquifer mohel to
determine the feasibility of using remote sensing techniques to supply a data
base for the model. Remote sensing is most applicable in defining parameters

. which follow the movement of water on the surface, in describing the areal
extent of surface conditions (e.g., geology, drainage, vegetation) which might
affect both surface flow and flow between surface and groundwater, and in
locating direct evidence of links between groundwater and surface water (e.g.,
free-flowing wells, areas of good drainage). Radar sensors currently under
development may soon extend this range below the surface. Further development
of this model by the SFWMD should be guided to allow the better use of remote
sensing as a data base.

of
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The final goal of the project was to develop a complete Water Resources
Management Information System based on the latest state-of-the-art remote
sensing and data processing technology and to demonstrate and then implement
this system on the various Water Management Districts' computer hardware. To
develop a Long Range Plan for accomplishing this goal, a joint NASA, IFAS, and
WMD study team was chartered. Major planning meetings were held with four of
the five Water Management Districts from the beginning of the project in
March 1978 through June 1978, when the FY 180 research proposal was due into
NASA Headquarters. From these meetings twelve detailed research tasks were
defined. Five major areas of concern that tended to be cOlllnon to all Water
Management Districts were uncovered~ These were: Hydrology, Water Use,
Environmental, Climatology, and a Data Base Management System. These major
areas of concern were the areas wherein the Long Range Plan would concentrate
in developing means for meeting all of the common needs of the Water Management
Districts which would culminate in a complete Water Resources Management Infor­
mation SY$tem. In August of 1978 notice was received from NASA Headquarters
that the proposed five-year research and development program, proposed in
June 1978, could not be funded due to limited NASA funds availability. There­
fore further development of the Long Range Plan ended and effort was concen­
trated on documenting the results of the first year's study, depicted in the
following detailed report.
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2.1 Florida Water Problem

The State of Florida has a very different set of hydrological cycle (see
Figure 2.1-1) systems which make it unique among the southeastern states. These
unique water supply and storage factors within this system contribute to prob­
lems within the state concerning the availability of water to meet the expand­
ing competitive needs of the state's urban, industtial, and agricultural
communities.

Even though the annual rainfall within the state is rather high by com­
parison to that of other states, the seasonal and geographical characteristics
of this rainfall cause considerable problems. The rainfall is primarily con­
vectional which produces varying rainfall patterns acroSs the state. This
varied pattern of rainfall can cause some of the areas of the state to experi­
ence droughts while other areas are experiencing flooding.

The evapotranspiration function of the unique Florida hydrological cycle
causes over 70% of this available rainfall to be lost to the atmosphere. The
remaining 30% of the available water from rainfall flows constantly from the
inland regions to the surrounding Gulf of Mexico or Atlantic Ocean, either by
overland flow or through the aquifers. Florida receives very little water from
other geographic areas, therefore it must depend upon capturing what rainfall
falls within its boundaries before it runs off.

The surface storage of this runoff is complicated by the unique Florida
hydrological parameters in that the sandy soil, shallow lake depths, and large
flat marshland areas make surface storage of adeq~ate water difficult. The
subsurface limestone plateau which underlies most'of Florida causes m~ch of
this surface water to be rapidly moved to the lower aquifer levels.

Thus much of the fresh water supply must be drawn from the aquifers which
are being constantly recharged by rainfall from adjacent geographical areas.
Therefore, any withdrawl above the recharge rate can cause excessive aquifer
drawdown and the fresh water in the aquifer can become contaminated by the salt
water it overlies, not only along the coast, but inland as well.

Much of the available surface water within the state is required to main­
tain the diverse and sensitive environmental systems such as the estuarine and
marshland areas. The terrestrial systems throughout the state depend on estab­
lished aquifer water table levels for their existence and any.significant
change ,may result in v~getationbei'ng replace,d by otner, perhaps less desir-
ab1e , ecosystems. . .

All of these problems with the water supp1y and the natural demand thereon
form a critical situation even before the activities of man place demands upon
this important re$ource.

The demands of man on the limited Florida water supply form a complex net­
work of geographical, seasonal, and physical factors that complicate the water
use problem. These demands on the Florida water supply consist mainly of
urban, industrial, 'and agricultural usages.
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The rapid urban development of the Florida coastal zones has tended to
localize this water demand in an area that~ because of the natural hydrologi­
cal cycle characteristics, does not have an adequate water supply to start
with. Thus an even greater impact is placed on the demand of water in these
areas than exists from the natural ecosystem.

Some of the high demand industrial requirements~ such as the phosphate
mining operations~ also tend to localize around the central part of the state
thus creating an impact on the water supply in that area.

The agr"icultural demand for water within the state presents the largest of
all the w4ter demands. This agricultural demand is not specifically geographi­
cally located; however, it does tend to be seasonally specific. This need for
agricultural water during specific seasons of the year does impact the other
urban and industrial demand on water during these seasons.

Thus there is a direct conflict created within the state on the demand of
water by the various users. In the past the large agricultural demand has not
created any problem; however, with the rapid population increases in the state
and the new industrial expansion, the user conflict grows daily. This growing
conflict between users, coupled with the unique Florida hydrological supply
problems, creates a delicate balance between supply and demand which require
specific extensive data bases and models to help water resources managers make
realistic decisions concerning their water resources.

2.2 History of Florida Water Management

The management of the water resources within the state of Florida is a
rather recent function. In the past the management of water within the state
was prompted through flooding within the stream flood plains wherein such
flooding interfered with agricultural and residential development. Thus early
water oriented legislation enacted by the state was in response to these
extreme climatic events.

For example in response to the floods of 1947 and 1948, the State Legis­
lature created the Central and Southern Florida Flood Control District and
provided for their local sponsorship and state participation in the vast U.S.
Corps of ~ngineers' Central and Southern Flood Control Project. In 1961, in
response to the 1960 hurricane-related floods in the Tampa area, the State
Legislature established the Southwest Florida Water Management District for·
local sponsorship of the U.S. Corps of Engineers' Four River Basin Project.

Since the 1960 flood event, the state of Florida has experienced a com­
pletely different hydrologic situation, namely a lack of rainfall. This
change in available rainfall was accompanied by a rapidly expanding popula­
tion, as well as an expanded water use in the industrial and agricultural
areas, thus creating a supply and demand problem. In the early 1970's this
deficiency became very acute in some areas. Again the State Legislature re­
acted, but this time it set up a coordinated system of water management dis­
tricts covering the entire state through the Water Resources Act of 1972.
The passage of this act surpassed all of the previous water management laws
of the state of Florida in its scope and purpose. In fact~ the National Water
Commission1s Summary of the State Water Laws calls the act probably the most
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progressive wate,r management legislation ever enacted by any state. This act
created five Water Management Districts (Figure 2.2-1) whose areas ofjurisdic­
tion are described around hydrologic not political boundaries. The Act also
set down the state's policies as they relate to water resources and establish­
ed a comprehensive mechanism to carry out these policies.

The newly enacted legislation stated that these novice Water Management
Districts (WMD), except for the South Florida Water Management District (SFWMD),
were required to develop a Water Use and Supply Development Plan (thorugh the
year 2020) and inmediately accomplish the on-going functions of planning,
operations, and regulation of the water resources in their districts. This
legislation also empowered them with taxing authority to accomplish their re-
spons fb ; 1i tie5 •

Thus these newly formed Water Management Districts were inmediately faced
with the problems of accomplishing all of the administrative functions required
of them, but more important they forced the responsibility of allocating a de­
cliningwater supply over an ever growing and conflicting water demand within
the urban, industrial, and agricultural communities. Thus the districts needed
to take advantage of every time and cost saving technology available to them.

2.3 Project Origin

During the past several years a working relationship has been built up
between the NASA Kennedy Space Center Applications Projects Branch (SA-APP)
and the University of Florida, Institute of Food and Agricultural Sciences
(IFAS), through remote sensing research projects such as the Satellite Freeze
Forecast System and several small Regional Applications projects. In 1975,
IFAShad completed a study of agricultural water needs within the state, Agri­
cultural Growth ;n An Urban Age (AGUA), in which they documented the future
shortage of agricultural water and the potential impact of agricultural water
needs on the rapidly expanding commercial, industrial, and urban needs. The
IFAS had been previously working with several of the Florida Water Management
Districts, and therefore was familiar with many of their problems. With this
background IFAS and KSC recognized that many developments in space technology
had potential for application to the critical problem of Florida's water re­
sources. Since the SFWMD had been in operation for many years and had worked
with IFAS on water management data needs in the past, it was decided to develop
a joint Water Resources project among IFAS, NASA, and SFWMD. This resulted in
the submission of a Florida Water Resources Management RTOP (UPN 177-55-91) in
June af 1977.

~

This project proposal not only included a beginning effort of the develop­
ment of remote sensing data techniques for the SFWMD, of more significance it
required the development of a Long Range Plan. This Long Range Plan would
include the cooperation of all five Florida Water Management Districts and
culminate in the development of a state-wide Water Resources Management Infor...
mation System~ based on state-of-the-art remote sensing and ADP technology,
which would provide an adequate data base to help all of the Water Management
Districts solve their critical water supply and water use allocation problems.
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3.1 Task Description

For continuity, this section includes a very brief description of the
specific Tasks defined for the project. Amore detailed description of these
tasks is included in the Task Activities section of this report.

3.1.1 Lake Okeechobee Volume Measurements

The actual storage volume of available water in Lake Okeechobee is not
known to any great accuracy. Therefore, a task was defined to develop a tech­
nique using LANDSAT data to better determine the volume of the lake at various
stages, based partly on a stage correlation to a classification of vegetation
within the lake littoral zone.

3.1.2 Improvement of Conservation Area Water Storage Information

Determining the volume of water stored in the vast marshland conservation
storage areas is a very difficult task. A correlation between LANDSAT radiance
values and conservation area water depths would assist in solving this problem.

3.1.3 Overland Flow Measurements

Calculating water flows through the marshland areas is a very difficult
task since this flow varies widely with respect to water depth and vegetation
type. A seasonal vegetation classification using LANDSAT data, correlated to
field flow measurements would greatly improve the required flow calculations.

3.1.4 New Techniques for Lake Volume

Much of the fresh water storage in Florida is contained in the thousands
of shallow lakes within the state. If an estimate of the volume of these lakes
could be obtained from a relationship to their diurnal thermal cycle, thermal
data being obtained from satellite, a more cost effective volume measurement
would be available.

3.1.5 Rainfall Distribution

Due to the prevalence of convectional rainfall within the state it is very
difficult to determine the rainfall distribution throughout a watershed or a
water storage area. Techniques developed by NOAA for other areas indicate that
information concerning rainfall distribution can be developed using GOES data
to measure the change ;n cloud top temperature. This technique needs to be
modified for use with the unique Florida convection rainfall conditions.

3.1.6 Evapotranspiration Measurements

Evapotranspiration constitutes at least 70% of the water budget calcula­
tion. Using GOES satellite to obtain a relative measurement of net radiation,
the major component in evapotranspiration calculations, better information
Goncerning the areal distribution of evapotranspiration can be obtained.
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3.1.7 Three-Dimensional Aquifer Model

The determination of the movement of water within aquifers is a very
important data need to the SFWMD. The development of such an aquifer model is
underwQY by the SFWMD. Due to the vastness of such aquifers, an easier method
is needed to supply such a model with a data base. The SFWMD model will be
reviewed to determine if remote sensing can be used to provide a portion of
this data base.

3.1.8 Long Range Planning

The major need of all Water Management Districts is an adequate current
data base to provide information for planning, operation, and regulatory func­
tions that will allow managers to make decisions involving water availability,
storage, transportation, usage, and socio-economic impacts. A complete study
needs to be made to develop' a Long Range Plan which will result in the develop­
ment of a Water Resources Management Information System (WRMIS) which would
use as much remote sensing data as possible.

3.2 Project Management Team

The proposed project was a very complex one, that is the need to determine
the requirments of the five Florida Water Management Districts across a vast
span of technical disciplines and the fact that these technical disciplines
would involve the activities of personnel from the Water Management Districts,
IFAS, and NASA. Therefore, a Management Team Concept was developed ,to assure
proper coverage of all of these disciplines, to coordinate the personnel
activities and interactions, and to manage the overall project direction. The
management structure of this organization, as described below, is delineated
in Figure 3.2-1.

A Project Management Board was constituted from senior members of IFAS,
NASA, and the Water Management Districts. This Board was responsible for hold~

ing prdject reviews and assuring that the project met the defined technical
goals and schedules.

A Project Coordination Team was organized with representatives from the
NASA, IFAS, and each cooperating Water Management District. The NASA member
of this team had the responsibility, as Project Manager, for the entire project
and was also Technical Manager of the IFAS contract. These coordinators were
respon~ible for assuring that adequate study team members were provided from
their ~espective organizations. '

Various Project Teams with expertise in the necessary technical disci­
plines, as delineated in Figure 3.2-1, were fonned to accomplish the project
tasks. Each team had a team leader who was responsible to his Project Coordi­
nator for completing the assigned tasks.

The IFAS of the University of Florida had demonstrated capability and
competence in conducting Florida oriented research in the fields of climatology,
agricultural water demands, hydrology, and socio-economic relationships. Also
within the confines of the University system, consultation expertise in other
disciplines; e.g., computer sciences and geology, was readily available.
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Therefore a noncompetitive procurement contract was issued to IFAS to support
the project with necessary research and consultation personnel.

The project required the joint participation of IFAS, NASA, and the Water
Management Districts; therefore, working agreements were initiated between
NASA and the Water Management Districts. These agreements were needed to
assure that support would be available to the IFAS research and to help the
teams develop future task requirements and accomplish the Long Range Planning
functions.
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The discussions of the FY78 activities of the project need to be prefaced
with a discussion of the long range planning of the project envisioned at the
project conception and changes that have taken place since that time. Since
the project's ultimate goal was to develop a rather complex Water Resources
Management Infonnation System based on the latest state-of-the-art remote
sensing and automated data processing technology, it was obvious that the de­
velopment of this system would take several years and involve the activities
of a wide variety of disciplines on the part of NASA, IFAS, and the Water
Management Districts. Therefore, a tentative overall schedule for completing
this effort was developed as depicted in Figure 4.0-1.

For ease of assessment the project was broken down into several areas of
major concern. First was the completion of a Long Range Plan which would pro­
vide all of the detailed steps necessary to reach the final goal of the imple­
mentation of a Water Resources Management Information System on each of the
Water Management Districts' computer systems. Since the development of this
plan required the assistance of the IFAS personnel and since the FY78 IFAS
contract was not signed until March 3, 1978, we were unable to complete the
plan prior to the submission of the FY79 study requirements to NASA. There­
fore, the Long Range Plan task was also included in the FY79 study proposal.
However, since the extension of the study into FY79 was disapproved by NASA
the full implementation of the studies necessary to develop a comprehensive
Long Range Plan was not completed. The information provided in this report
consists only of the findings made up to the time of disapproval of the FY79
follow-on project, i.e., August 1978•.

Second, there were Remote Sensing Techniques that needed to be developed
to supply data base information for the Water Resources Management Information
System. These techniques would primarily be the application of existing re­
mote sensing technology to data base requirements identified by the various
Water Management Districts. Eight of these tasks were defined for accomplish­
ment in the FY78 study, several of which would have to be carried over into
FY79 and subsequent years due to their complexity. During the FY78 Long Range
Plan development phase, eight new Remote Sensing Techniques development and
study tasks were identified to begin during the FY79 time frame. Of course,
since the FY79 extension of the project was not approved, these tasks were not
initiated.

Third, it was observed that various hydrological, agricultural, economic,
environmental, and other models would need to be developed to interleave re­
mote s~nsing and ancillary data into viable tools that could be incorporated
into the overall Water Resources Management Information System.

Fourth, it was obvious that considerable basic research, not the respon­
sibility of NASA, would be required to support the development of the models
defined under the third function. This joint model development and supportive
research needed to be accomplished by the Water Management Districts, primarily
in the area of hydraulics; and by IFAS, primarily in the area of agriculture
and environmental water functions.

Fifth, there was the need to begin the development of the Data Management
System that could provide a viable, flexible, interfacing data base needed to
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support the models being developed as well as the other data needs of the
Water Management Districts.

Sixth, once the remote sensing data gathering techniques, models, and data
base were developed to an adequate point; it would be necessary to begin to
integrate these into a viable system on the equipment used by the various Water
Management Districts.

Lastly, once the prototype system was operational it would be necessary
to test the system under normal operational conditions over a period of time
to assure that it would satisfy the needs of each Water Management District.
These functions are defined as the Pre-ASVT and ASVT (Application System Veri­
fication Test) tasks within the project.

As previously mentioned, the follow-on effort on the project, i.e., FY79
and subsequent years, was not approved in August 1978. Therefore, the only
functions to be discussed in this report will be the completion of the FY78
tasks as defined in Section 3.1.
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5.1 LAKE OKEECHOBEE VOLUME MEASUREMENT

By

S. F. Shih Assoc. Prof.
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5.1.1 Background

The water balance budget model for Lake Okeechobee contains a positive
cumulative error which predicts a water volume approximately 30% greater than
the actual volume after a run period of six years. The potential sources of
error are those factors which affect lake volume, namely:

a. water inflow
b. water outflow
c. rainfall on the lake
d. evaporation from the lake.

The movement of water into and out of the lake (a, b) occurs primarily
through structures and is carefully measured and recorded. Rainfall on the
lake (c) is estimated based on rainfall recorded at stations around the
lake and should be fairly accurate. Evaporation from the lake (d) consists
of evaporation from the water surface and evapotranspiration from the littoral
zone, a complex marsh which comprises 20% of the area within the dikes. The
water balance budget model treats the marsh as open water, which tends to
overestimate the water volume contained in this area and underestimates the
evapotranspiration from it. This would appear to be the most likely source
of the water balance error.

In order to eliminate this error, a more accurate estimate of the water
distribution within the littoral zone and of the rate of evaporation from it
is needed. A SFWMD study of the littoral zone has found that the major vegeta­
tion associations are linked to elevation through the hydroperiod (Pesnell
and Brown, 1977) (Table 5.l.l~1). Thus, if the littoral zone vegetation
could be classified and mapped from satellite, two major types of information
could be provided to the District. First, the acreage of a given plant com­
munity and its transpiration rate could be used to give a better estimate of
evapotranspiration from the littoral zone. Second, since the plant species
are linked to elevation through the hydroperiod, a vegetation classification
could provide an approximate map of ground elevations. A factor could be
included which takes into account the surface area occupied by each vegetation
class (which therefore cannot be open water) to give an effective water sur­
face (Table 5.1.1-1). Thus, the area transgressed by water and the portion of
that surface which is open water could be determined for a given lake stage
(elevation) based on a satellite vegetation map. This approach seemed to be
the most effective way to apply remote sensing techniques to improve the
accuracy of the lake water balance budget.

5.1.2 Remote Sensing Data Analysis

In order to classify the vegetation of the littoral zone, digital data
from the LANDSAT earth-orbiting satellite was analyzed on General Electric's
multispectral image analyzer, the Image 100. The Image 100 consists of two
tape drives, for inputting and outputting digital data; a CRT screen which
display (512)2 pixels of digital data; a memory for storing and refreshing
the displayed image; and a battery of programs capable of measuring, manipu­
lating and highlighting the raw (satellite) data. In the typical classifica­
tion analysis, an area whose land cover is known from ground observation is .
located and its spectral characteristics are measured. Then all areas which
have similar spectral characteristics are identified and assigned a color



Vegetation

Waterl i ly

Spikerush (Eleocharis)

Cattai 1 (Typha)

Beakrush (Rhynchospora)

Willow (Salix)

Wire Cordgrass (Spartina)
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Mixed Grasses

Other dry 1and
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Elevation (ft. MSL)

211 .0

11.0-12.4

12.4-13.1

13.1-14.6

13.2-14.3

13.1-15.0

15.0-17.0

15.0-17.0

15.0-17.0

Effective
Water

Surface (%)

95

75

40

80

40

30

Vegetation Associations Linked to Evaluation in Lake Okeechobee

Table 5.1.1-1
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and number code. The simil ar spectra1 character; sti cs are referred to as a
signature and the location of those color-coded pixels possessing that signa­
ture is displayed on the CRT screen (or mapped on paper) as a theme. The
themes can be limited to an area of interest (e.g., within the dikes surround­
ing Lake Okeechobee). The spectral distribution of a signature can be studied
to refine it and identify spectral values that are or are not similar enough
to be included in the same signature. Once the signature is finalized, the
pixels in the satellite scene which possess that signature (theme) can be
counted. In this way~ maps and tabulations of areas with similar spectral
properties,and presumably similar land cover, can be obtained.

Due to differences in the rate of scan, altitude and other factors,
LANDSAT digital data does not precisely represent the relative geographic
location of points on the ground. Using nominal values for the satellite, it
is possible to correct small areas so that they form a good representation of
features on the ground. For the large areas of interest to the Water Manage­
ment Districts, however, small errors in the nominal values can accumulate
to produce large offsets. Consequently, a ground control point correction
must be used. In this technique a minimum of seven prominent features are
located on the LANDSAT image and on USGS quadrangles. The tape coordinates
of these points are read using the Image 100. The latitudes and longitudes
are measured from the USGS quadrangles. A computer progrm performs a least
squares fit of these points to develop a transformation matrix. This matrix
transforms the old tape coordinates into new ones, oriented north-south with
a given pixel size (usually 79m by 79m), and resamples the radiance (spectral)
data, providing a LANDSAT scene with no more than 79m RMS error.

The season is extremely important in performing a vegetation classifi.ca- .
tion. Since little satellite work had been done in a marsh as complex as the
Lake Okeechobee littoral zone, there was little previous work to guide the
analysis.

Consequently, NASA personnel, assisted by SFWMD biologist Gary Pesnell,
performed preliminary multispectral classification on fifteen (15) relatively
cloud-free dates. These dates included almost every month and spanned several
years (Table 5.1.2-1). Vegetation maps prepared by the SFWMD as part of a
study of littoral zone plant communities were used as ground truth. The
classifications developed during this cursory analysis were then compared for
clear definition and accurate representation of the plant communities
(Table 5.1.2-1). Late summer (August 8, 1974) appeared to be the best time
for distinguishing vegetation but the cumulus clouds associated with Florida's
summer1 convection pattern obscured some of the data. Two back-up dates were
chosen in late spring (May 5, 1975 and April 11, 1976).

A thorough vegetation classification was then performed on the Image 100.
The ground truth maps were used to locate training sites for the major marsh
vegetation communities, including cattail, willow, beak rush, spike rush, wire
cordgrass, and mixed grasses. In some places clouds covered the vegetation so
that it could not be classified. If a cloud was small and entirely contained
within one of the vegetation communities, it was simply added to that vegeta­
tion class. When a cloud was so large that it overlapped two or more vegeta­
tion classes, LANDSAT data from another date (May 5, 1975) was used to classify
the vegetation in that area. After this vegetation classification was com­
pleted, less than 1% of the area within the dikes remained unclassified. The
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Average
Lake Stage Vegetation Definition Additional

Date (ft. MSL) Willow Cattail Beakrush Corrments
1/30/76 13.2 poor fair poor

2/27/74 13.5 poor fa; r fair

3/4/73 12.8 good poor burn scar clouds

3/22/73 12.8 fair poor burn scar

4/9/73 13.0 good poor burn scar

+4/11/76 12.7 fair fair fair

+5/5/75 11. 9 good fair fair

5/26/76 12.4 poor poor poor high gain, clouds

6/2/73 12.2 good fair fair clouds

6/15/74 11. 1 fair poor poor clouds

*8/8/74 15.2 good good good clouds

10/19/74 15.5 poor fair good

11/4/76 14.6 poor poor good

11/29/73 14.4 poor poor fair

12/30/74 14.6 poor fair poor striping

*Pr;mary date selected
+Back-up dates

Preliminary Analysis of LANDSAT Images

Table 5.1.2-1
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surface area occupied by each vegetation group {Table 5.1.2-2} was distributed
equally throughout its elevation range (Table 5.1.2-3) to give the additional
surface area associated w.ith each increase in elevation. This data represents
the remote sensing-based estimate of the lake surface area (and hence water
volume). A typical LANDSAT Image 100 classified littoral zone vegetation map
is shown in Figure ·5.1.2-1.

This data will be used in the water balance budget model to develop im­
proved estimates of lake volume and the improvement over conventional methods
will be evaluated.

5.1.3 Water Budget Calculations

5.1.3.1 Improvement in Lake Volume Prediction

The surface area occupied by each vegetation group (Table 5.1.2-2) was
distributed equally throughout its elevation range {Table 5.1.2-3} to give the
additional surface area associated with each increase in elevation. These
data represent the remote sensing-based estimate of the lake surface area
(Figure 5.1.3-1).

At a lake stage of 11.0 ft MSL, below the littoral zone, the lake surface
estimates based on remote sensing and conventional data are quite similar
(approximately 339,000 acres). With increasing elev9tion, the lake surface
area derived from LANDSAT imagery is less than the area obtained through con­
ventional means by 27,509 acres at 12.4 ft MSl, 15,290 acres at 13.1 ft MSL,
33,183 acres at 14.6 ft MSL, and 16,804 acres at 15 ft MSL (Figure 5.1.,3-1).

Consequently, the lake storage capacity as a function of lake stage
based on remotely sensed data also differed from the values used previously.
The equation used to calculate the increase in lake volume associated with a
small increase ;n lake stage was:

(5. 1. 3-1)

where

Vs + 0.01 = lake stor~ge volume at lake stage s + 0.01 ft,
in acre ft;

v = lake storage. volume at lake stage s ft, in acre-ft;
jS

As + 0.01 = lake surfAce area at lake stage s + 0.01 ft,
in acres; and

As = lake surface area at lake stage s ft, in acres.

The resulting differences between the conventional and remotely sensed
lake storage capacities' were 42,898 acre-ft, 36,901 acre-ft,88,150 acre-ft,
and 98,078 acre-ft fo~ 12.4, 13.1, 14.6, and 15.0 ft MSL, respectively, as
shown in Figure 5.1.3-2.
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Water

Waterl i ly

Spikerush

~~tti:lrl

Beakrush

Willow

Wire Cordgrass and Sawgrass

Mixed Forest

Mixed Grasses

Other Dry Land

Unclassified

Total Area Within Dike
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Area (Acres)

33,513

662

14,536

30.999

14,509

12,598

9,734

1,509

9,337

11,537

2,109

446,042

Vegetation Classification and Acre~ge for Evapotranspiration Calculations
t

Table 5.1.2-2
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Table 5.1.2-3



- 5.1-12 -

L K 0 E H B E V GET~ 10 AP

LANDSAT Classification Map of Littoral Zone Vegetation

Figure 5.1.2-1



-5.. 1-13-

475 -------.:------------------------,

-- COr!vENTIONAl DATA

-M
o
~
....,.".

w
a:
(J
<t '

-..«w
a:«
w
(J
<t
Ll-
D:
::J
en
w
~

~...

450
-~- LANDSAT DATA

10 14 16

LAKE STAGE, FT
Relatiol1shi,p BE!tw~~n, lake Stage and lake Surface Area

Figure 5.1.3-1



- 5.1-14 -

5.5 .------------------------

2.5

"CONVENTIONAL DATA

--.- LANDSAT DATA

-CD
0....
""""'"

t 4.5
Iw

0:
U
c(

-.

~ 4.0-0
cea-
ct
(J

w 3.5

"<Ca:
0
In
w 3.0
~
<C
-I

10 12 14 16 18 20

LAKE STAGE, FT
Relationship Between Lake Stage and Lake Storage Capacity (Volume) .

Figure 5.1.3-2



-5 .. 1-15-

5.,1 .. 3.2 Improvement in Water Budget Computation

5.1.3.2.1 Water Budget Computation Model

The water budget (or water balance) computation is a method based on the
continuity of flow within the lake. According to the water balance equation
provided by Linsley et al. (1958), the basic budget equation may be written
as:

where

S = I + P - 0 - E - SP

S =Reservoir content change;

I ::: Inflow;

P ::: Precipitation;

o ::: Outflow, or total runoff;

E ::: Evaporation; and

SP ::: Seepage.

(5. 1.3-2)

Theoretically, equation 5.1.2-2 may be used without reference to any
marshes contained within the lake. Practically, however, most shallow lakes
do contains substantial marshes, which transpire a significant amount of water
from the lake. Therefore, based on the continuity equation, water budget com­
putation for a shallow lake at time t (t month) may be modified as follows,
incorporating the component of evapotranspiration:

(5 .. 1.3- 3)

where

Vt ::: Storage at the end of t month;

Vt _1 ::: Storage at the end of (t-l) month;

It ::: Inflow during t month;

R
t

::: Rainfall during t month;

Et ::: Evaporation from water surface during t month;

ETt ::: Evapotranspiration from marsh zone during t month;

0t ::: Outflow during t month; and

SPt ::: Seepage during t month.
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As equation 5.1.3-3 shows t there are two important zones involved, the
water surface and marsh zones. The most difficult elements to measure are
the Et and ETt . In general t the evaporation pan is the most widely used
instrument for evaporation measurement today. The evaporation from the lake
water surface can be expressed as:

where

E ::: X . PE

E = Evaporation from lake water surface;

PE Evaporation from evaporation pan; and

(5.1 .3-4)

x ::: Pan evaporation coefficient.

The evapotranspiration from the marsh zone is difficult to measure but
can be determined indirectly by relating it to evaporation from the lake water
surface, i.e.,

where

ET ::: k . E

ET ::: Evapotranspiration from marsh zone;

k ::: Evapotranspiration coefficient; and

(5.1 .3-5)

E ::: Evaporation from lake water surface.

Based on a study by Meyer and Hull in 1969, the estimated seepage around
Lake Okeechobee is approximately 0.9 cfs per mile per foot of the head between
the lake and borrow canal. This is a negligible amount when compared to the
total volum'e of the lake. Therefore, the seepage term was not included in
calculations based on equation 5.1.3-3.

5.1.3.2.2 Data Analysis and Model Application

The location of recording stations for rainfall, evaporation, inflow,
outflow, and stages for the Lake Okeechobee are shown in Figure 5.1.3-3.

The recorded data from the period 1952-77 as shown in the Corps of
Engineers monthly Lake Okeechobee water budget report were used in this study
to compare water budget calculations based on conventional and remotely sensed
lake volume data.

Water Balance Computation Based on Conventional Data: The historical
record data, including cumulative error during the 26...year period, human compu­
tation error'and estimation for missing data, were examined. The lake volume
was computed based on the water balance equation provided by the Corps of
Engineers (COE):

(5.1.3-6)
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The terms used ;n equation 5.1.3";6 are the same as those described in
equations 5.1.3-3 and 5.1.3-4. The model described by equation 5,.1.3-6 is des­
ignated as water budget computation using conventional data.

The monthly Lake Okeechobee water budget data, which includes rainfall,
pan evaporation, inflow, outflow, and lake stage, were summarized from the
Corps of Engineers monthly water budget report for the period 1952-77
(COE, 1952-77). The monthly water budget computed by,COE was based on the
model given in equation 5.l.3~6 using 0.865 for the pan evaporation coeffi­
cient. The results of stage deviations between historical record and computed
stage are shown in Figure 5.1.3-4. The cumulative error was 9.33 ft. over
26 years. This 9.33 ft. of stage is equivalent to 4 million acre-ft. of stor­
age water, which is comparable to the volume of the lake at its normal stage
of 15 ft. While the error for an individual year is not extremely large, its
unpredictable nature makes reliable water volume predictions, on which water
management decisions must be based, much more difficult. Moreover, it is
obvious that the water budget for Lake Okeechobee is out of balance.

Water Balance Computation Based on LANDSAT Data: The lake volume data
and the evapotranspiration rate developed from LANDSAT data were used in the
model computation. After the seepage term is removed from equation 5.1.3-3,
it may be rewritten as:

(5.1.3-7)

The model given in equation 5.1.3-71s designated as water budget computation
using LANDSAT data. The difference in cumulative errors between the model
computation using conventional and remote sensing data was then investigated.

Before performing the lake volume computation, two parameters must be
determined: the evapotranspiration coefficient k for the marsh and the area
of marsh zone at different lake stages. The evapotranspiration (ET) for most
marsh zone species is not available. Fortunately, Clayton (1949) in a 7-year
ET study of sawgrass at the Agricultural Research and Education Center in
Belle Glade, Florida, reported an ET of 69 inches/year for sawgrass. The
average evaporation for the lake as reported by COE (1952-77) was 57.4 inches/
year. Therefore~ the evapotranspiration coefficient k given in equa-
tion 5.1.3-5 is 69/57.4 = 1.2 for sawgrass. This value will be used as a
best estimate for the other vegetation species in this preliminary investiga­
tion since evapotranspiration measurements are not yet available for most of
them.

Ihle (1978) reported a total surface area within the dikes of
446,080 acres, which is similar to the value of 446,042 acres used in the
remote sensing measurements. However, he did not examine the lake and marsh
surface areas as a function of water surface elevation. Using LANDSAT data,
this information is now available and is presented in Table 5.1.2-3. The
majority of the littoral zone lies between 11.5 and 15 ft. MSL.

After checking and correcting some obvious known errors, the original
monthly water budget computations were rerun using conventional and LANDSAT
data. The cumulative errors based on conventional and remotely sensed data
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are plotted in'Figure 5.1.3-4. As this figure shows, there are large differ­
ences between the two models. Choosing 0.865 as the typical pan evaporation
coefficient, the cumulative error reached 9.33 ft. by the end of 1977 for
conventional data and 0.5'4 ft. for the remotely sensed data. This represents
d reduction of about 94 percent in the cumulative error over the 26-year test
period. The maximum deviation of cumulative errors was found to be 2.85 ft.
in 1959 for computations based on LANDSAT data and 9.33 ft in 1977 for the
conventional method. The maximum deviation of cumulative errors was thus
reduced about 70 percent by using the new information derived by analyzing
LANDSAT data. This represents a substantial improvement in the accuracy of
lake volume predictions ,achieved through the use of remotely sensed data.
Traditional hydrological modeling and precise ground measurements also formed
an essential part of this integrated approach to a water resources management
problem.
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5.1.5 Conclusions

Using LANDSAT data, the vegetation in Lake Okeechobee1s complex littoral
zone was classified multi spectrally to provide a data base for determining two
types of information. First, the acreage of a given plant community as mea­
sured by satellite could be combined with its transpiration rate to give a
better estimate of evapotranspiration from the littoral zone. Second, the
surface area occupied by plants (which therefore could not be considered open
water) was used to adjust the vegetation acreage giving an effective water
surface area as a function of lake stage. Based on this information, more
detailed representations of evapotranspiration and total water surface (and
hence total lake volume) can be made.

The model results based on information derived from satellite demonstrated
a 94 percent reduction in cumulative lake stage error and a 70 percent reduc­
tion in the maximum deviation of the lake stage. As more detailed information
on evapotra:nspiration coefficients for individual marshland species becomes
available, an even greater reduction in error may be achieved. However, these
results represent the application of this remote sensing technique to only one
lake. To verify its general applicability, the improvements in water volume
prediction using this method should be tested in other lake and marshland
communities.

The techniques presented here could be applied to a wide variety of water
resources management needs.
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5.2. 1 Background

In south Florida large tracts of grassy marshland have been set aside to
act as natural water retention areas. Similar to the Everglades, these areas
consist of wet prairies broken by elevated ridges of trees called tree islands.
These areas are diked and most flow into and out of them is controlled by
pumps and structures.

Vast amounts of water stored in the three major conservation areas flow
slowly from the agricultural region south of Lake Okeechobee to the Everglades
and finally to the Gulf of Mexico. The SFWMD has only limited knowledge of
the total amount of water and its distribution and flow pattern because these
areas are large, remote, and almost flat. Models describing the movement of
water in these areas use arbitrarily selected nodal points to simulate this
sometimes reversible water flow. If remote sensing data could be used to pro­
vide water depths or approximate elevation contours, the calculation of water
volume in the conservation areas and the simulation of water flow through them
could be improved.

In previous studies Aaron Higer, of the USGS, tried to relate LANDSAT
radiance to water depths in Conservation Area 1 with some success. In more
recent unpublished work, he had investigated the correlation between LANDSAT
radiance and water depths in Conservation Area 3a on two dates using 100 field
measurements. He had achieved good correlations but, because of the manpower
required to gather field measurements, this technique would not be practical
as an operational tool.

Consequently, NASA decided to examine water depths in Conservation Area 3a
on a number of dates ranging from minimum to maximum but to use only existing
water depth gauging stations and if necessary a few supplemental field measure­
ments. The method to be applied would involve correlating LANDSAT radiance
and water depth using an automated computer tehcnique. In this manner water
depth distribution could be mapped routinely and possibly ground elevation
information might be inferred from this. If successful it was planned to test
this technique in Conservation Areas 1 and 2 in subsequent years of the pro­
ject.

5.2.2 Remote Sensing Data Analysis

Twelve relatively cloud-free LANDSAT tapes representing the full range of
water levels, from minimum to maximum, were identified (Figure 5.2.2-1). From
these,itwo sets of three dates, each set covering a minimum tomax;mum cycle,
were selected for more intensive study. Sets of consecutive dates were chosen
to.minimize the likelihood that long term changes in vegetation distribution
would affect the data analysis. SFWMD then provided water elevation data,
ground elevations, and latitudes and longitudes for the eighteen water depth
stations in Conservation Area 3a. The water depth was obtained by subtracting
ground elevation from water elevation. Unfortunately, some of the stations
were not truly representative of water depths within the conservation area.
Some recorded water depth in canals, or were affected by pumping, or were
separated from the conservation area by dikes. Eliminating these stations re­
duced the usable number of stations to the eight shown in Figure 5.2.2-2.
This indicated a need for additional gauging stations and/or supplemental
field measurements to truly test the technique. If the project were to
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continue for another year, supplemental water depth measurements would be made
to improve the correlation.

Meanwhile, a preliminary test of the technique was performed with the
existing historical data. After examining each date careful1y~ it was found
that there was very little water in the conservation area on the two days of
minimum water level. Therefore, these dates were removed from the test, leav­
ing four dates representing medium and high water levels. The Image 100 was
used to develop a geometric correction matrix for the· four remaining dates,
using the method described in Section 5.1.2. This matrix was used to locate
the water depth stations on the LANDSAT tape from their latitudes and longi­
tudes since very few landmarks or other distinct features are available in a
marsh. The Image 100 was then used to measure the LANDSAT radiance of the four
pixels closest to each gauging station on each date. If a cloud or data drop
obscured the gauge location, the nearest group of clear pixels was used. A
multiple regression analysis was performed for each date relating water depth,
as measured by the gauging stations, to the LANDSAT radiance as measured on
the Image 100. All four bands and each possible combination of two bands were
used (Table 5.2.2-1). The four band combinations and some of the two band
combinations produced acceptable correlations but the small number of samples
cast doubt on the reliability of the predicted relationships. In an attempt
to obtain a more reliable relationship, the radiance values from different
dates were normalized to be radiometrically equivalent to each other using
minimum and maximum measurements of the LANDSAT radiance, includuing open ocean
and very bright (urban) sites on each of the dates. Radiance values from these
normalized images were regressed against their respective water depths in the
same manner as for each individual date. The resulting correlations were not
high enough to be considered reliable, however.

To demonstrate the type of product that could be produced using this
technique, a map of water depths was generated using the Band 5-Band 7
relationship for October 17, 1976 (Figure 5.2.2-3). This date was chosen for
its range of water depths and good correlation in a two-band combination (for
ease in hand calculation). Similar maps could be produced based on all four
bands for this and other dates using a simple computer algorithm. The areas
occupied by each water depth were measured automatically on the Image 100
and combined to calculate the estimated water storage volume ;n the conserva­
tion area on that date (Table 5.2.2-2).

The position of the nodal points in the water quantity receiving model
will be reviewed and the water volumes predicted for various water levels will
be compared to those calculated from the LANDSAT imagery. However, since only
one date was classified based on only seven ground data points, the accuracy
and reliability of the remote sensing based data is limited. This information
may also be useful in selecting locations for additional water depth stations
in the conservation area.



DATES Normalized,
Landsat Bands Oct. 19, 1974 Dec. 12, 1974 Oct. 17, 1976* Feb. 20, 1977 All Dates

Bands 4 - 7 .97 .98 .83 .91 .45

Bands 4 &5 .40 .60 .74 .73 .40

Bands 4 &6 .03 .60 .64 .69 .38

Bands 4 & 7 .36 .49 .70 .78 .37

Bands 5 &6 .19 .84 .71 .54 .43

Bands 5 &7 .28
.~ l.:

.7tJi).73 . ,,~ .57 .43

Bands 6 &7 .70 .51 .56 .60 .17

* One apparently anomalous point removed

0Correlation for regression equation used to produce map in Figure 5.2.2-3

Correlation of Landsat Radiance with Water Depth for Conse-rvation Area 3a

Table 5.2.2-1
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Figure 5.2.2-3A Upper Section of Conservation Area 3a Water Depth Map
{LANDSAT Bands 5 and 7).
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Figure 5.2.2-3B Lower Section of· Conservation Area 3a Water Depth Map
(LANDSAT Bands 5 and 7).
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Water Water Surface in
Deeth (hectares) (Acres)

0.5 - 1.0 9067 22404

1.0 - 1.5 31297 77336

1.5 - 2.0 41671 102969

2.0 - 2.5 42353 104653

2.5 - 3.0 21471 53055

3.0 - 3.5 7094 17350

3.5 - 4.0 4910 12134

Estimated Water Volume: 776,930 Acre-feet

Based on data for Oct. 17, 1976, using relationship and map
indicated in Table 5.2.2-1 and Figure 5.2.2-3, respectively.

Water Surface and Volume in Conservation Area 3a

Table 5.2.2-2
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5.2.3 Water Budget Calculations

5.2.3.1 Storage Capacity Prediction

The water surface area occupied by each water depth (Table 5.2.2-2) was
used to compute the storage capacity in Conservation Area 3a. The stage re­
corded on October 17, 1976 was 10.42 ft MSL. This elevation was used as a
bench mark to compute the relationship between stage elevation and water sur­
face area. Before computing the storage capacity, the water surface area
associated with each increase in elevation needs to be computed based on the
water surface area related to water depth as given in Table 5.2.2-2. As
Table 5.2.2-2 shows, the surface areas are undefined when the water depth is
either shallower than 0.5 ft or deeper than 4 ft. Thus, two assumptions
should be made. ,First, the water surface area between 0 and 0.5 ft of water
depth is near zero. Second, the water surface area at the water depth of
4 ft. is assumed to be the same as the water surface area in between 3.5 and
4.0 ft of water depth because the conventional data shows that there is some
water stored below the 4 ft. water depth. Based on those two assumption and
10.42 ft of the recorded stage, the water surface areas related to stage ele­
vation were computed and the results are listed in Table 5.2.3-1.

The storage caPtcity as a function of stage can be computed based on the
remotely sensed data as listed in Table 5.2.3-1. The method as defined in
Equation 5.1.2-1 is used to calculate the increase in volume associated with
a small increase in stage. The initial volume at stage 6.42 ft is 18,160 acre­
ft which was obtained from the conventional data. The resulting differences
between the conventional and remotely sensed storage capacities were 81,40,
20,29, 37,26, and 7 thousands acre-ft for the stage at 10.17,9.67,9.17,
8.67, 8.17, 7.67, and 7.17 ft r~SL, respectively, as shown in Figure 5.2.3-1.
These differences are approximately equivalent to the errors of 10, 6, 5, 11,
23, 30 and 19% of the conventional data in the same order of stages. There
seems to be a large error existing between 7.17 and 8.17 ft MSL stages.

As the remotely. sensed data developed in Sectio .2.2 indicated, the
number of ground recorded stage sites is not large enough to draw a final con­
clusion. However, using the Band 5-Band 7 relationship for October 17, 1976,
the correlation coefficient between LANDSAT radiance and water depth has been
found to reach 0.75. In other words, this technique is quite encouraging to
detect the water depth. If this is the case, three recorrmendations can be
made. First, there might have been an error in the conventional data in the
relationship between stage and storage. Second, in between the ·stages around
7 and 8 ft MSL, the storage ·volume is extensively reduced as compared with the
conventional data. The reason for this reduction should be investigated
further. Third, the storage capacity computed from the remotely sensed data
is always less than from the conventional data. This implies that the volume·
of water stored in the Conservation Area 3a has been overestimated in the
conventional data. Therefore a correct relationship between stage and storage
should be established as soon as possible.

5.2.3.2 Improvement Application of Water Quantity Receiving Model

The Conservation Area in south Florida has been considered as one of the
major water storage areas to provide a water supply for the Everglades National



Elevation
(ft. MSL)
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Total Water Surface Area
(Acres)

9.92 - 10.42
9.42 ­
8.92 ­
8.42 ­
7.92 ­
7.42 ­
6.92 ­
6.42 -

9.92
9.42
8.92
8.42
7.92
7.42
6.92
6.42

389,901
389,901
367,477
290,161
187,192
82,539
29,484
12,134
12,134

Elevation Acreage for Volume Calculation
in Conservation Area 3a

Table 5.2.3-1
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ParI< and Lower East Coast (LEC). Due to the increasing water demand of the
area, additional backpumping of the surplus runoff from the LEC area into the
Conservation Areas has been considered as one of the several alternative plans
(SFWMD, 1977). The Receiving Water Quantity (EPA, 1971) model has been adapted
and modified by Lin and Shih (1979) to be applicable in the Conservation Areas
to investigate the possible impact of additional inflow under various backpump­
ing cases. Modification of the model included t4anning 1 s roughness coefficient,
depth of flow, width of hypothetical channels through marsh areas, rainfall
input, seepage rate, etc.

The Receiving Water Quantity model requires a nodal point and grid system
to represent the prototype water receiving body. Therefore, a network system
representing the general flow pattern of the water body ;s set up for each
study area. For each channel, the input requires a junction number at both
e~ds of the channel section, length, width, average depth of the channel, and
Manning's N coefficient. For each node, the input requires an assigned junc­
tion number, initial water surface elevation, bottom and minimum elevation,
junctions x- and y- coordinates in the system, surface area, etc. There are
three major problems encountered in the Receiving Water Quantity Model Applica­
tion. First, the node point is selected based on the water depth, vegetation
characteristics, inflow, outflow, rain gage, and computer storage core capacity,
etc. But, some of the parameters are very difficult to estimate. Second, the
average depth, and Manning's N coefficient which is a function of vegetation
and water depth, are very difficult to evaluate in hypothetical channels.
Third, the initial water surface elevation, bottom and minimum elevation in
each node are very unreliable based on the conventional data. As the technique
presented in this study and the results shown in Figure 5.2.2-3, the remotely
sensed data is a very promising method to solve these three difficult problems.
The vegetation distribution, water depth in different locations, water stage,
water surface and ground elevation all can be drawn from the remotely sensed
data. This technique should be encouraged and studied further in the future.
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5.2.5 Conclusions

In south Florida, large tracts of grassy marshland have been set aside
to act as natural water retention areas. Similar to the Everglades, these
areas consist of wet prairies broken by elevated ridges of trees called
tree islands. These areas are diked and most water flow into and out of them
is controlled by pumps and structures. Vast amounts of water stored in the
three major conservation areas are questionable because these areas are large,
remote, and almost flat. The South Florida Water Management District has
only limited knowledge of the total amount of water and its distribution and
flow pattern. The Receiving Water Quantity (RWQ) model describing the move­
ment of water in these areas uses arbitrarily selected nodal points to simulate
this sometimes reversible water flow. Thus, the remote sensing technique was
initiated to provide water depths and the water volume in the conservation
areas.

LANDSAT radiance values from Band 5 and Band 7 for October 17, 1976 in
Conservation Area 3a were used to correlate with the water depths. The
results showed that the correlation coefficient is as high as 0.75. Thus, an
alphanumeric map of water depth was generated and the water surface area
corresponding to water depth was computed. Consequently, the volume of storage
was computed. The results showed that this technique is a very promising tool
for helping the storage volume computation and RWQ model application. The
improvement of LANDSAT data analysis technique and ground truth data collection
are recommended for further study in the future.
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5.3.1 Remote Sensing Data Analysis

A substantial portion of the water transport in south Florida is by over­
land flow, much of it through natural vegetation. So little research has been
done on the flow resistance characteristics of these natural vegetation com­
munities that one value of Manning's N is frequently used to represent all of
them in all seasons. If a more detailed representation of the resistance to
flow of natural vegetation could be developed, it would greatly improve the
accuracy of waterflow simulation. Unfortunately, most groundbased mapping
methods would be prohibitively expensive. A comparable remote sensing tech­
nique would be less detailed, both in terms of plant species delineation and
geographic representation, but its cost would be acceptable~

Therefore, it was decided to classify a typical marshland drainage basin
in south Florida using LANDSAT data. Chandler Slough, a site in the Kissimmee
River Basin, was selected. It had already been well ground-truthed as part of
another study (Federico, et al., 1978), was readily accessible as was required
for flow measurement, and contained a variety of vegetation species character­
istic of the marshlands of south Florida.

The first task in performing the vegetation analysis was to select the
proper season. James F. Milleson, a SFWMD biologist familiar with the site,
identified the major vegetation communities and their seasonal growth patterns.
He provi'ded two vegetation maps of the area with different species groupings
(Figure 5.3.1-1) a~ well as black-and-white aerial photographs at scales of
1:24,800 and 1:4,800. Based on this information, classification during the
winter season was not attempted due to lack of plant growth. Nocompletely
cloud-free scenes were available for surrmer. A preliminary Image 100 vegeta­
tion classification was performed on cloud-free spring and fall scenes from
various years. It was determined that little change had occurred in this
area in recent times. The LANDSAT scene recorded on April 11, 1976, was found
to give the best vegetation definition. A detatledmultispectra1 training was
then performed to get the best possible plant discrimination. The vegetation
discrimination was found to be most closely linked to radiance in Bands 5 and
6, possibly due to striping on Band 7. A map showing six vegetation categor­
ies was prepared with the help of Jim Milleson. The area of major flow was
identified and the proportion of each vegetation category in that area was
measured. This data and the accompanying map (Figure 5.3.1-2) were provided
in selecting sites at which to make the seasonal flow measurements from which
Manning's N values would be calculated.

5.3.2 'Development of Manningls N Data'

5.3.2.1 Effect of Vegetation on Manning's N

Determination of flow resistance coefficient IN I as a function of depth
is very important in dealing with water resources problems (especially of the
vegetated flow areas), such as flood routing, backwater curve computation,
channel improvement and scour problems, etc. Understanding the flow resis­
tance trends for a particular flow system would help the water resources plan­
ner to be able to develop better water management systems in the area.
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However, the value of this coefficient among other factors is very signi­
ficantly affected by the vegetation. Flow resistance through a given vegetat­
edarea is a function of many variables including flow velocity, distribution
of vegetation vertically and laterally, roughness o(the channel boundary, and
structural and hydrodynamical properties associated with the stems and leaves
of the plants. The effect of aquatic weeds in retarding flow can be quite
pronounced in channels with small depth and low velocities. Unfortunately,
little is known abo~t the variations in flow resistance values in heavily
vegetated channe1s, except for some grassed waterways. Some of the perti nent
findings reported;n literature about flow retardance and vegetation relations
are described briefly as follows:

Bogart (1949) measured flow retardance coefficient values in North New
River canal in the Everglades area after the canal was infested with thick
water hyacinth growth. He found that on the average 'N' in vegetated canals
increased 2.5 times as compared to the original value the canal was designed
for and this resu:lted in 40% reduction in the carrying capacity of the canal.
The roots of plants make the sides and, bottom of the canal very rough. He also
reported that water hyacinth and other plant roots cause a surprisingly large
amount of friction loss- by inducing turbulence i.n the water and with complete
hyacinth cover, a canal becomes in effect a closed conduit without any free
water surface.

Flow retardance coefficients were reported for several row-planted crops
by Ree (l958). He found that Manni ng' s N values were related to the product
of velocity and hydraulic radius when velocities were large enough to displace
the vegetation. N values for-wheat ranged up to 0.17 and height and quality
of the wheat had greater effect than did a change in row spacing from 711 to
14 11 • These values for tall sorghum and short sorghum were 0.15 and 0.11, re­
spectively. Swanson and Peterson (1960) obtained lower velocities and higher
coefficients of retardance in waterways grassed with bromegrass, Kentucky 30
fescue, reed canarygrass, and switchgrass. Fenzl (1962) investigated the
effect of vegetation density on the flow characteristics using a dimensional
analysis for conditions of uniform flow in a simulated vegetated channel.

In their, studies 6n flow retardance by channel weeds, Stephens et a1.
(1963) worked out 'flow; retardance coefficients for, channels in southeast
Florida and found large channels {with or without aquatic weed infestation)
that had hydraulic radii exceeding 20' generally have N values between 0.024
and 0.031. In moderate-size channels having cross-sectional areas between
100 and 2000 sq. feet, Manning's N values were less than 0.036 with light
vegetative growth, between 0.036 and 0.052 for moderate growth, and exceeded
0.052 with heavy growth. Under conditions of infestation by submersed and
emersedaquatic weeds, N values increased exponentially as the product of
velocity and hydraulic radius decreased.

Graf (1966) developed a mathematical equation relating the frictional
behavior of a cross-section in a water course to its velocity profiles. Field,
as well as laboratory data, Confirmed his theory. N values obtained in test
flumes were comparatively quite high in relation to other waterways. Das and
Huggins (197l) studied the effect of rainfall on the resistance in channels
with shallow flow and found that friction factor for rough surface increases
at a given rainfall intensity and Reynolds number as the slope increases .

•
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Leutheusser and Chisholm (1972) measured anN value of 0.225 i nan open
channel with steep and heavily vegetated sideslopes in Toronto, Canada.
Overton, et al. (1972) conducted ~tudies to optimize resistance coefficients
for large bed element streams in Utah. They tried to relate the Darcy-Weisbach
resistance coefficient and location of the plane of effective zero velocity to
the roughness intensity, the width of channels, and the mean size of the mate­
rial. They found that roughness intensity did not adequately explain the
variation of the .resistance coefficient in laboratory roughnesses, however
spacing of the roughness elements was a more important factor. The streamflow
regime appeared to arrange the large bed elements in an optimal way. They also
reported that roughness intensity values between 0.1 and 0.2 were realistic for
laboratory simulation of large bed element streams.

Kuowen and Unni (1973), using flexible plastic strips to simulate a vege­
tative channel lining, studied the variation of relative roughness with the
stiffness of vegetation. They observed three basic flows (erect, wavy, and
prone) and their plot of friction coefficient versus the Reynolds number showed
the friction factor primarily to be a function of relative roughness for the
erect and waving regimes. Thompson and Roberson (1976) developed an analyti­
cal model to get solutions for resistance and other flow parameters caused by
discrete roughness selected to simulate flow conditions in vegetative channels.
They calculated the conveyance factor asa function of flow depth and found
that the conveyance factor values in general were higher for fully submerged
vegetation as compared to the partially submerged vegetation.

Petryk and Bosmajian III (1975) presented a f10w·resistance model for
unsubmerged vegetation conditions and the model was used to predict N value in
terms of vegetation density, hydraulic radius, and the Manning bottom roughness
va1ue wi thout the vegetation. In case of a un iform dens i ty of vegeta t i on wi th
height as in case of heavily treed flood plains, the N value increased in pro- .
portion to the 2/3 power of hydraulic radius. It was assumed that the flow
occurred through heavily vegetated areas where the total shear force on the
channel boundary is negligible compared to total drag force on the vegetation.
The important component in the model was the vegeta t i on dens i ty. The computed
variation in vegetation density was found to be a function of height because .
the analyzed data agreed with the physical plant descriptions through which
the flow occurred. Preliminary computation of water surface profile gave N
values as high as 0.4 in heavily vegetated flood plains.. They extended the
model to already established USDA data for different row crops as well as
other heavily vegetated flow conditions and found in general there was direct
relation between the N value and the vegetation density and depth. In submerg­
ed test conditions, the N value decreased as velocity x hydraulic radius value
increased. The decrease in N value was associated with increase in plant bend­
ing. This relation was not considered valid in case of protruding vegetation.
They found that under vegetation conditions where foliage mainly consisted of
bush and weeds, the vegetation density increased rapidly with depth along with
N value. The rapid increase in vegetation density was considered to be due to
increased branching and leaf density with height for the measured flow depths.
In areas covered with large trees, the main obstruction to flow occurs due to
tree trunks and lower branches.. The degree of 1ea f cover and its obs truct ion
to flow is limited in each case because of heavily shaded conditions over the
flow depth. In such cases, the photographs and analytical results show@d that
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the vegetation density relatively remained constant with flow depth while N
va1ue increased wi th depth.

Chen (1976) evaluated friction coefficient for shallow flows over turf
surfaces and found that the coefficient for laminar flow on the turf surface
is a few orders of magnitude higher than that on glued-sand or concrete sur­
face. In general the coefficient value increased with bed slope but decreased
with Reynolds number (or discharge if the water temperature was constant). He
found a linear relationship on log-log paper between conveyance value and bed
slope for Kentucky blue grass and Bermuda grass.

Most of these studies have dealt with the effects of vegetation on flow
characteristics and flow retardance coefficient in general. However, very
little work has been reported in literature about the N value dependence on
vegetation density under different types of vegetation especially in a very
slow water flow system like marshland or slough. Seasonal changes, vertical
and lateral vegetation distribution, flow depth, types of plant corrmunities
and their inter-relations all effect the estimation of flow retardance coeffi­
cient. This complicates the prediction of N value that could be successfully
used in backwater profile computations and other such ~alculations. The pre­
sent studies initiated would help in understanding the effect of diverse vege­
tation conditions on the flow parameters including flow retardance coefficient.

5.3.2.2 Information on Vegetation in Chandler Slough

In areas where water flows through vegetation, density and types of
vegetation have an important bearing on the flow characteristics, quality and

. quantity of water moving through the flow system. This is especially true of
a marsh area since fresh water marshes are considered to be among the most
productive for plant communities even in the temperate zone and may be two or
more times as productive as the terrestrial system (Jervis, 1969). High pro­
ductivities of emergent marshes are attributable to ample supplies of water
and nutrients from upland drainage areas, lack of grazing by animals, species
adapted to wet land environments (Auclair et al., 1976), a longer growing
season (Keefe, 1972), and better moderated temperatures as compared to the
adjacent terrestrial plant communities. Information on vegetation is very
essential to characterize the flow patterns in Chandler Slough and to inter­
pret the flow data in terms of cause and effect relations.

Chandler Slough constitutes a very diverse wetland system where not only
diversity in types of vegetation and their abundance, but seasonal changes in
composition and biomass production intriguingly complicate the flow patterns
in the marshy area.

Vegetation maps of the predominant plant species in Chandler Slough were
prepared using aerial photography (Highlands County Tax Assessor's Office­
Watson and Company, Tampa, Florida (1966)); Mark Hurd Aerial Surveys, Inc.,
Minneapolis, Minnesota (1972); U.S. Department of Agriculture, ASCS (1974) to
help differentiate various major plant communities and to approximate area
occupied by them. Ground truthing of these communities included a record of
various species and their abundance. A brief description of each major plant
species was prepared from field notes and observations. Based on vegetation
sampling in Chandler Slough, eleven major plant species were identified which
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co~ld be grouped into broad nine groups (Federico, et al., 1978). About 40%
of the marsh was occupied by button bush (Cephalanthus occidentalis), and
about 20% by broad leaf marsh including species like pickerel weed (Pontederia
lanceolata)~ arrowhead (Sagittaria lancifolia), and water hyacinth (Eichhornia
crassipes), etc. The other seven plant communities all had area less than
10% occupied by them. A map of major plant species identified and their area
of occurrence is given in Figure 5.3.1-1.

Environmental studies conducted by Federico, et al. (1978) and Shih,
et al. (1978) during years 1974-76 in Chandler Slough indicated that the vege­
tation ,growth followed-a cyclic trend consistent-with seasons of the year.
Most of the plants in Chandler Slough are perennial, and the above ground por­
tions die back during the winter. However, new growth is initiated from per­
sistent underground roots and rhizomes before surface water flows through the
marsh. About 34 different species were collected during the course of studies
mentioned earlier. The most abundant emergent species include Pontederia
lanceolata, Cephalanthus occidentalis, Sagittaria lancifolia, Panicum hemitomon,
Mi kania scandens, wi th Ludwigia repens as the submergent species. Ei chhorni a_
crassipes is the significant member of the Chandler Slough flora during the
wet season.

February is assumed to be the beginning of the growth season with end of
April to middle of June as the most productive period. Growth rate slows in
mid summer though vegetation still looking lush, it starts declining signifi­
cantly in October and biomass production stay declined through the winter
months. Federico et ale (1978) have reported that minimum standing crop
occurred in February which ranged from 48.8 to 95.9 g/m2 whi lemaximum bi omass
occurred in August which ranged from 300 to 716.3 g/m2• Plant detrital mass
is the hi ghest in February and exceeds the macrophyte bi omass from the previ ous
October.

The vegetation classes developed using the LANDSAT data, described in
Section 5.3.1, were used to select test sights for flow measurements. These
vegetation classes, depicted in Figure 5.3.1-2, are described as follows:

1. Wax myrtle that includes woody shrubs, dense woody shrubs and trees.
The predominant species in this group is the large tree-like shrub
called wax myrtle (Myrica cerifera). It forms dense stands that often
occupy an elevated knoll. The canopy becomes complete that eliminates
most understory vegetation from this association.

2. Buttonbush. The central portion of Chandler Slough is dominated by
buttonbush plants which are one to two meters tall. It generally
grows in association with species like Sagittaria lancifolia, maiden­
cane (Panicum hemitomon), and climbing hempweed (Mikania scandens),
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etc. Buttonbush density averages about 0.25 plants/m2. In the fall
and winter season the plant remains without leaves. Marsh vegetation
between the buttonbush plants include pickerel weed (Po lancelata),
cut grass (leersia hexandra), prairie iris (Iris hexaOgona), and false
maidencane (Sacciolepis striata), etc.

3. Transition, improved pasture and low grass pasture. The southern part
of the slough is dominated by aquatic tall grasses like torpedo grass
(Panicum repens) or maidencane (Panicum hemitomon). Other grass
species include broom sedge (Andropogon sp.), cutgrass (1. hexandra),
and false maidencane (Sacciole is striata). less tall plants consist
of Aster spp. aromatic figwort Bacopa caroliniana), coinwort
(Centel1a asiatica), Cyperus haspan, white top sedge (Dichromena
latifolia), and pennywort (Hydrocotyle umbel1ata)., etc. Patches of
pickerel weed, arrowhead, primrose willow, bulrush, wax myrtle and
Thalia ~eniculata are scattered in this zone.

Some area is also infested with switchgrass (Spartina bakerii) in
western part of the slough and in the buttonbush zone. The grass
grows in spreading clumps up to two meters in height. Climbing hemp­
weed is found growing on switchgrass at some places.

Besides, there are slight ridges and small knolls in Chandler Slough
which support a ground cover of small grasses, sedges, and herbaceous
plants. These areas are grazed by cattle during the dry season.
When water levels rise during rainy season the vegetation shifts to
a more aquatic community that is characterized by smartweed, pickerel
weed, and submergents like aromatic figworst and Hydrochloa
caroliniensis. There is some area located west of the major tall
grass/wet prairie associations which is infested with broomsedge
(Andropo90n sp.). '

4. Broadleaf Marsh. Considerable area is dominated by several broadleaf
aquatic plants which include pickerel weed, arrowhead, and Thalia
geniculata. Smartweed is usually present, cattail (Typha sp.), prim­
rose willow (ludwigia eeruviana), and bulrush occur occasionally.
Submergents such as willow and aromatic figwort are usually present.

5. Dense ~ypress Vegetation area. This area contains bald cypress
(Taxodium distichum) which has a density of about one tree per five
meter squared. Several species of ephiphytes including Tillandsia
spp. and Encyclia tameensis (butterfly orchid), grow on the cypress.
Other large plants include pop ash (Fraxinus caroliniana), buttonbush
(Cephalanthus occidentalis). There is some low growing vegetation
except during the summer and autumn when water hyacinth (Eichhornia
crassi es) becomes abundant. Some open water areas have smartweed

Po1ygonum sp. ) .
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In some places ba1dcypress is also present but it is less dense and
is intermixed with occasional cypress heads. Low growing vegetation
is of similar type as in case of dense cypress vegetation area.
cyperus articulatus~ buttonbush, prairie iris and several species of
submergent plants are also present.

5.3.2.3 Selection and Vegetation of Test Sites

An attempt was made to select sites in areas under each of the major vege­
tation categories on basis of their relative abundance and area occupied by
them for making flow velocity measurement and subsequent IN I values determina­
tions. Four such sites were selected in vegetated areas occupied by predomi­
nant plant contnunities such as; (i) broadleaf marsh, wet prairie (transition).;
(ii) buttonbush, wet prairie, willow; (iii) improved and unimproved pasture,
low grass; and (iv) woody shrubs and tress, etc. All these plant cormnunity
groups together occupy about 90% of the area of the slough.

At each site, subsites were selected on basis of presence or absence of
protruding vegetation, different predominant species of vegetation and
abundance bf a particular local species alone or in combination with other
species. General description of the vegetation in sites and subsites where
flow measurements were taken is given below. Location of the sites in the
slough is indicated in Figure 5.3.2-1.

Site 1. This site is located in the broadleaf marsh (transition) type of
vegetation group area .. Approximately 20% of the slough area is infested
with this type of vegetation. Broadleaf marsh vegetation is very succu­
1ent and 1ushy type and the growth in general; s affected by seasons wi th
peak during wet season. The peripheral vegetation is buttonbush and
woody shrub type. The most abundant vegetation occupying about 40% of
the total area of the slough is buttonbush. At this particular site the
general effects on flow result from this type of vegetation whereas local
vegetation affects the flow measurement at a particular location or sub­
site. Thus, this site represents the two most abundant categories of
vegetation.

Emergent species including water hyacinth, pickerel weed, buttonbush, and
arrowhead were locally present. A thick mat of water hyacinth was cover­
ing a large spot in relatively deeper water area with gradually grading
into other spec;esof vegetation like pickerel weed alone and in combina­
tipn withbuttonbush, and other vegetations. The site was selected with
a!view to see effect of two main groups of vegetation alone and in combi­
nation on flow resistance coefficient at different depths and different
locations. Buttonbush during the fall and winter months does not bear
leaves and only woody stems stand out affecting the flow velocity. . .
During the month of October water level had already receded by about
17-20 em as compared to water level in September. The local vegetation
is given as:

Subsitel. Infested with thick water hyacinth vegetation that floats on
the surfacew; throots anchoring the plant near the water surface. Thick
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surface mat cuts off any light making the place unsuitable for any sub­
merged growth. This type of vegetation creates another plane where water
velocity approaches near zero producing conduit type of flow instead of
open channel flow. The vegetation appeared to be about 1 to 1.25 m tall.

Subsite~. This subsite lies in predominantly pickerel weed area where
water depth is comparatively less as compared to subsite 1. The area has
some intermingled buttonbush and some submerged vegetation.

Subsite 1. This is again in water hyacinth area, though water depth is
comparatively a little less. The subsite lies between 1 and 2.

Subsite 4. This subsite is further down in the same direction as sub­
site 3. -Medium pickerel weed growth and woody stems of buttonbush stand
in between giving relatively free and exposed water surface. Some sub­
merged vegetation is also present.

Subsite 5. This is located in area adjacent to subsite 4 on the outward
side. Predominant vegetation is pickerel weed about medium tall. About
30 - 40% dried woody buttonbush and shrub stems are also present. The
subsite also has spots with no surface but submerged growth.

Subsite 6. This subsite lies next to subsite 5. Medium high pickerel
weed plants have good dense population. Drying buttonbush plants with­
out leaves stand intermingled.

Subsite 7. This subsite lies in front of stage recorder again in deep
water hyacinth area. The purpose of selecting this site was to compare
f.low velocity under dense hyacinth cover at different depths and then
with other type of local vegetation.

Subsite 8. This subsite is on the opposite side of the other 1 through 6
subsites~ The area has a good proportion of buttonbush mixed with pick­
ere1 weed. The objective was to study effect of pickerel weed mi xed wi th
buttonbush on the flow resistance values.

Subsite~. This subsite is located in buttonbush with little pickerel
weed'and some submerged vegetation. This would give the effect of button­
bush predominantly on IN' values. Dry vegetation was giving withering
appearance in the month of October.

. ,

Si1te 2. This site is loc,ted in the low grass group are~j.on one side
surrounded by brQadleCifmarshand buttonbush, ,'and on the other open water
containing submerged vegetation. The vegetated area has ta 11 and dense
growing plants. Deep inside pickerel weed plants are very tall and well
developed. Thisalso ha~ a zone where tall trees are standing. The site
was selected to study flow patterns in low vegetation area, mixedvege­
tation and tall tree and shrub type of; plants, increasing flow depths,
and changing vegetation density. Vegetation at subsites and reason for
their selection are as follows:

Subsite 1. Scattered spots of vegetation are ,present with mostly open
water space containing SUbmerged weeds. Theplac:e was considered to be
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good for low depth open water flow without much emergent vegetation.
Some creeper branches were present on the surface.

Subsite 2. Next to subsite 1 in direction of increasing vegetation den­
sity.· low growth vegetation grades into medium growth, mixed type of
vegetation. Very few woody plants were present. This place provided
spot for studying effects of increasing vegetation density on the flow
resi stance va 1ues.

Subsite 3. This subsite lies further down on denser side of subsite 2.
Medium to tall plants containing 30 - 40% pickerel weed with some submer­
gent and bent plants and very little dry shrub population. This subsite
was selected to get ideas about flow patterns in mixed vegetation with
increased dens i ty.

Subsite 4. This subsite has relatively denser top story vegetation and
contains-tall and very developed pickerel weed. Thin stemmed trees and
woody plants with relatively deeper flow depth was suited for studies
under tree and bushy type of vegetation.

Subsite 5-6. They were on the opposite side of subsite 1 through 4 in
decreasing-vegetation density area. Submerged weed growth was present.
During the month of October no free water was noticed. The subsite was
selected to study flow resistance trends in low and very thin vegetation
growth area.

Site 3. This site is located in area surrounded by unimproved pasture.
The local vegetation is very succulent broad leaf marsh type. Because of
short type of peripheral vegetation, this place was selected to study the
role of local vegetation on the flow characteristics of the area. The
spots where flow measurements were made had thick pickerel weed which was
medium in height and had constituted about 90% of the local weed popula­
tion. There were only 2-3 trees present in the nearby area. Subsites 1"
2, and 3 were selected on the basis of vegetation density. Subsite 1 was
located in the most dense with subsites 3 and 2 in less dense locations.
The site had very little open water space.

Site 4. This site is located in area surrounded by tall trees, dense
woody-shrubs, etc., which constitutes a significant vegetation group pre­
sent in the slough. This type of vegetation has a larger effect on the
general flow patterns of water which are conditioned by local vegetation
if any present. The local vegetation where flow measurements were made
was water hyacinth. The vegetation made a thick mat over the surface
and though the water was relatively deeper than at other sites, the flow
appeared to be slow even under the mat due to outside peripheral vegeta­
tion effects. Three subsites were selected, one with very thick cover,
another an open water spot surrounded on two sides by hyacinth, and third
a spot in less dense hyacinth vegetation. This site was selected to
study the effect of local vegetation density on the flow patterns of the
area surrounded by tall woody vegetation.

General location of subsites in a site in relation to instrumentation ports or
landing places is given in Figure 5.3.2-2.
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5.3.3 Hydrologic Model Calculations

5.3.3.1 General Considerations and Techniques Used

In making the flow measurements, precautions were taken to keep distur­
bance in water to a minimum to evaluate the flow in natural conditions. The
helicopter at each site was landed at least 70 maway from the area where the
flow measurements were intended to be made. The helicopter engine was shut
off and enough wa it i ng peri ad was ma i nta'i ned before start; ng measurements
until water currents induced by helicopter landing had died down. While mak­
ing actual flow measurements using either of the two techniques given below,
walking and all other activities affecting the flow were stopped. The techni~

ques used were (a) water current meter and (b) Fl uorescei n Dye method.

a. Water Current Meter Technigue: An electromagnetic water current meter
called Velmeter (developed by Cushing Engineering, Inc.) was used to make
speedy flow velocity measurements. Flow velocity profile was developed
along the flow depth at ten-centimeter depth intervals at different sub­
sites. The sensor of the flow meter was dipped in water to the indicated
mark at a given location and was rotated if necessary to get positive
velocity readings on both channels of the current meter indicating
correct orientation of the electrode in the direction of flow. Proper
response time adjustment was made depending on the flow velocity at a
giv,en depth and location. Velocity readings from both channels were re­
corded and the composite velocity was calculated. Depth of the flow was
measured with meter stick. The current meter could not be used for mea­
suring flow velocity at the surface since it had to be dipped in water
to a certain depth for its proper operation. The meter gave flow veloc­
ity reading at 20 cm depth and below. The flow meter was checked time
and again against the dye technique for its calibration during the
course of all flow measurements.

b. Fluorescein Dye Technigue: The technique was used for surface water flow
velocity measurements. Initial flow measurements were started with this
method.

Powdered fluorescein dye was injected at a particular location and its
path was noticed downstream as a function of time. The time the dye
took to pass through the measured distance was noted and flow velocity
was computed. Average depth of flow over the dye path and slope of the
area were also measured.

5.3.3.2 Determination of Slope

Gradient of flow in Chandler Slough at each site, needed to compute
N values at a particular location, was determined by surveying the sites in
two ways and then finding the average elevations at adjacent sites.

a. At each site, elevations were taken in direction of flow at particu­
lar distance interval (short intervals for steep changes and long inter­
vals for smooth changes in slope) and general elevation of the site was
computed by averaging the elevations measured excluding any ditches and
bumps at the bottom of flow.
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b. A contour elevation map had already been prepared to scale by survey­
ing the bottom of the Slough. Elevation for a given site was obtained
from the line passing through the central part of the given site.

Slope was determined by getting the difference in average elevations be­
tween adjacent sites and dividing that difference by the distance calculated
from the map between the two neighboring sites. Slope thus computed was used
in calculations for site with lower elevation.

5.3.3.3 Models Appl i cation

5.3.3.3.1 Determination of Manning's N

The roughness coefficient N was calculated using the modified r~anning's

flow formu 1a (Sh i h, et a1., 1978), i .e.

where

N= 1.486 D2/ 3 51/ 2
V

v = velocity of flow, ft/sec

D = the depth of flow, ft

S = slope of the energy gradient, ft/ft ..

( 5. 3.3-1 )

The hydraulic radius in the original Manning's flow equation was modified
by the depth of flow in the marsh because the wet perimeter in marsh flow is
very close to the width of marsh.

Flow velocity and depth data, collected at different subsites, and slope
calculated for each site were used to calculate N values at each location ;n
a specific site. Flow velocity determined by using fluorescein dye technique
constituted the surface flow whereas the current meter read; ngs were used to
calculate N values at lower depths.

5.3.3.3.2 Determination of Vegetation Density at Different Depths

Vegetation density at different depths in each location was calculated to
study 'the effect of vegetation growth on the flow resistance parameter and to
see if~the flow resistance could be related to and interpreted in terms of
type of local vegetation. The relationships used to calculate vegetation den-
si ty is as gi ven by Petryk and Bosmaj i an (1975): '

Vegetation density =

(ft2/ft/ft2 i.e. vegetation
occupied area per unit flow
length' per unit area of flow)

'n
Cd ~ Ai

i=l
At

= (5 .. 3.3-2)
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where
Cd = the drag coefficient for vegetation

Ai = the projected area of the ith plant in the direction of
flow (ft2)

A = cross-sectional area of flow (ft2)

n = total number of plants

L = length of the channel reach being considered

S = bed slope of the channel ft/ft

V = flow velocity ft/sec

g = acceleration due to gravity ft/sec2

In the above relation it is assumed that the velocity is constant over
the :depth interval being considered, and the N value for flow without vegeta­
tion is small and can be neglected in relation to flow resistance induced by
vegetation.

5.3.3.4 Results and Discussions

Type of vegetation, its growth characteristics, hydraulic behavior of the
whole plant and its component tissues, its lateral and vertical distribution,
depth of flow, fluctuating levels of water, and seasonal variations are some
of the very crucial factors that affect the flow characteristics of a vegetated
flow system. Unfortunately, not much information is available on the retar­
dance coefficient (Manning's N values) in heavily vegetated channels except
for some grassed water ways. Chocking aquatic weeds at some places produce
thick large mats of vegetation on the surface that not only causes considerable
reduction in water carrying capacity of the system but alters open channel
flow to enclosed or conduit type of flow (Bogart, 1949). General and local
thick protruding and/or submerged vegetation of the area causes water to fol­
low tortuous path that complicates the driving head and flow velocity rela­
tions thus making it hard to get meaningful flow retardance coefficient values
that are needed to predict the water flow relations of a de~sely vegetated
flow system.

Flow resistance coefficients (N values) at different depths in Chandler
Slough were determined from the velocity data using Manning's formula. Since
the flow velocities were determined to be low in general and did not appear to
be large enough to displace vegetation, N values versus depth (instead of
velocity x hydraulic radius) plotting method was used to study and evaluate
trend of flow retardance values in the marsh land flow.

General trends: The flow retardance values in general are relatively
larger than those reported in literature for canals and other vegetated water
ways because 'of impeded water flow induced by dense vegetation. At all sites
tested, N values varied widely both horizontally and vertically because of
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wide d;ffer~ncesinNegetati~n and flow depth at a 'particular time•. Type of
general vegetation (broad group) of the area affected the overall resistance
values, whereas localvegetat;on, it's abundance:, and it's re.lat:ion to the adja­
cent type' of local vegetation significantly affected the N values at .a partic­
ular location. No singular trend of N values was evtden,t at a'ny, of the four
sites invest·;gated in r.elation to depth or lateral distance. Local vegeta-
t i on, based on ; ts g.rowth cha racteri sti cs and i tsabundance alone. and in
proportion wi th 6therspeci es, gave the, fQll owi ng general trends of computed
N values in relation to depth at all sites as interpreted from flow velocity
data collected;n the month>,of September; 1978: {;,a}N values decreased
sharply wi'th depth anq then, became consistent forming an 'l' type curve.
This is'true of thick surface mat sp6ts indicattng an additional plane of ve­
locityapproaching zero a little below the surface thus makingclosed.chann~l
flow system for the wat'er flowing below the dense vegetation cover; (b) flow
resistance incteased with depth indicating reduction in effective depth of
flow at the bottom; ·(c) flow resistance values first decreased to a minimum
and then increased with depth forming 'J' type of curve, (d) N value first in­
creased to a maximum and then decreased with lower depths giving an inverted
'v' type of relation~hip, and finally Manning N values slightly increased with
depth (or remained fairly constant). This is true of open spot 'or free s~r­

face water place that ha~ some submerged vegetation near the bottom. Flow
response was observed to be complex where mQre than one type, of vegetation was
growing in combination. .

Details of different types of vegetation at various sites and subsites
are given in the previous section 5.3.2.

5.3.3.4.1 Flow'Resistance Trends at Different Sites

5.3~3.4.1.1 Variations in N Values with Depth

Flow res i stance coefficient va lues, computed for different subs i tes ina
given site, wereplotted,as a function of depth. For sake of conve'hience in
plotting and interpretation of trends, subsites were grouped on basis of mag­
nitude of computed N values. The flow resistance values comput~d from Septem­
ver, 1978 data are given in Figures 5.3.3-1 and 5.3.3-2 for Site l~ Only
September data were plotted. to study the depth relations because (1) in October
the water level had receded significantly and flow velocity was measured in
most cases only at one water depth (and very rarely two or three) and (2) in
August the flow meter was not wor~ing properly and the dye technique could
only btl used to measure surface flow. Site 1 is infested with both emerged
and suome'rged vegetation~ In general the N values are very high as compared
to N valueS reported in literature. High values were found, eitber ali ttle
below surface (20-25 em depth) or at the bottom of the .flow depending on the
type of vegetation. Genera,lly flow resistance varied 4-5 fold at a particular
location, however, in extreme one case the maximumN wa's observed at 25 em
bel OW the water surface and the val ue was about 15 fold themin1mumva1ue of
N found near the bottom over a flow depth of 65 em. In 1ocatia,ns wi th 40 cm
flow depth, N values in general varied less wi thdepth except in one or two
cases where the maximum N value observed at bottom was about 8-9 fold the
minimum value calculated at 25 cm below the surface. Laterally, the retar~

dance values varied 3-5 folds up to a depth of 30;.;.35 em but about 10 cm below



Figure 5.~.3-1. Relation Between IN' Values and Depth for Site 1.

(Sept. 25, 1978) Subsites 1,2,4,5,6,9,11

U'l

w,
N
-I:la

____ Subsite 5

Subsite 2-.. _-_.-

- Subsite 6

Subsite 1-_.-..--

-t-.- Subsite 9

. Subsite 4

1..0

I•
.8 , I..

1# !\., ;---... I. "'- ..
~. . .. I

•6- V "- .., . '. I"" ,'.......... i
VI • I

., .......,....
QJ •
:::s

,.. • /- /It..

!td •4
# • -:::- J -..

z /'
./

.2

o 20 30 40

depth (ems)

__ • Subsite 11



Figure 5.3_:3-.-2" Relati-on Between IN' ,Value and ,Depth for Sjt~ 1.
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this depth the maximum value was about 30 times the minimum N value consider­
ing all locations where flow velocity was measured in this site. However, the

. lateral minimum N value at this depth of 40-45 cm was computed for a total
flow depth of 65 em with pickerel weed vegetation medium dense whereas the
maximum val ue was observed at the bottom and havi ng pi ckerel weed plus dry
buttonbuSh relati vely denser vegetation. The flow depth varied from 40-70 cm
over the locations sampled. Decrease in N value with depth was characteristic
of water hyacinth type of vegetation that protrudes through water, forms a
thick covering over the surface, and its roots anchor at or little below the
water surface. The thick matly cover at the top shuts off much of the sunlight
that restricts growth· of any submerged vegetation, thus creating conditions
favorable for relatively faster flow under its cover~

Incre~se in N value with depth was indicated by the vegetation tha~

anchors at the bottom, mayor may not protrude through the water surface, and
forms no thick cover at the surface which is typical of vegetation like pick­
erel weed and buttonbush, etc. Where the two categories of vegetation were
growing in combination, trend of N values was affected by the relative abun ...
dance and distribution pattern of each type present.

The main reason for relatively higher general N value is the broadleaf
marsh and buttonbush types of vegetation the site 1 is surrounded with, which
would have predominant effect on impeding the overall flow through the area.
In addition the local vegetation with its density has a marked influencet'in
reducing the flow at a particular spot. Except in a few extreme cases the
N val ues were about 1-3 times the maximum val ue of .4 reported by Petryk and
Bosmajian (1975) for heavily vegetated flood plains.

The N values computed for site 2 are plotted in Figure 5.3.3-3. It is
largely an open water space having submerged type of vegetation and some emerg­
ed vegetation. Maximum depth of water was recorded to be about 40-45 em. The
N values in general are of about the same magnitude that were found at lower
depths in locations with water hyacinth vegetation in site 1. Relatively
lower N value could be due to tree type general vegetation and less density
of local vegetation. N values in the open water flow area with little emerged
vegetation were of about the same magnitude as reported by Graf (1966) from
Swiss data on ETH-Zurich experiments in test flumes and reported by Ree (1958)
for row crops. However, in areas with relatively dense vegetation values were
about two to three folds the values in open water space at the same depth and
about 10 cm below. Vertically also the values varied two to three times over
the entire site. The subsite 3 infested with p;ck~re1 weed mixed with shrubs
and thin trees had a deeper flow of about 40-45 cm.

The flow retardance values for data from site 3 are given in Figure 5.3.3-4.
The site locally has a thick growth of pickerel weed that constitutes ab~ut

90% of the total vegetation population. General surrounding vegetation com­
prises low unimproved pasture and broadleaf marsh with very little tree or tall
vegetation. In general Nvalues varied from 1-4 times the maximum reported
by Petryk and Bosmajian (1975) for the heavily vegetated flood plains with
mostly in the rang"e of .4 to .8 and about 1 1/2 - 7 times the values reported
by· Leutheusser and Chisholm (1972) in an open channel steep and with heavily
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Figure 5.3.3-4A. Relation Between tN' Values and Depth for Site 3.
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Figure 5.3.3-4&. Relation Between 'N I Values and Depth for Site 3~
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vegetated sideslopes in Toronto, Canada. Generally the flow re~.ardance co­
efficient increased 1-2 folds with depth at a particular location and varied
about 3-5 folds at different locations for the same depth depending on density
of vegetation.

The N Values versus depth for site 4 are plotted in Figure 5.3.3-5. The
predominant local emerging vegetation is thick water hyacinth with some open
water space infested with submerged and floating creeper type of vegetation.
The computed N values are the largest in this site. In some cases the flow
velocity was so low that the current meter could not measure it. The site is
surrounded by dense woody shrubs and trees type vegetation which significantly
effect the overall flow rate and then 'the local water hyacinth vegetation
considerably diminishes the driving force. This combination of vegetation is
the main reason the flow resistance is about the same all along the depth of
flow and does not decrease as observed in site 1. Bogart (1949) has reported
a maximum N value of 0.055 for this type of vegetation for the surface flow
;n canal in the Glades area. The computed N values are about 30-80 times the
values rep'orted by him in the densely vegetated location and about 10-20 times
in the open waterspace ~djacent to the vegetated area. The N values computed
for different locations varied quite a bit vertically and the maximum N value
was observed to be about eight times larger than the minimum obtained at 40 em
depth when all the subsites are considered in this site. Water depths in this
area varied from 65 to 78 em.

5.3.3.4.1.2 Weighted N Values Versus Total Flow Depth

The flow retardance values computed for different depths were weighted to
get an average for a given location and these averaged N values are plotted as
a function of total depth of flow in Figure 5.3.3-6. In site 1, the resistance
values showed an increase towards the middle which was probably due to predom­
inate influence of local water hyacinth vegetation that anchors a little below
the water surface leaving somewhat free space below. Weighted N values varied
between .35 to .75 whi ch is about 1-2 times the maximum values reported for
heavily vegetated flood planes (Petryk and Bosmajian, 1975). Site 2 indicates
an overall increase in N value with depth with the 45 cm bottom value about
three times the value found at about 25 em depth. In site 3, the first de­
crease and then abrupt increase in N value over 58-60 em flo~ depth is due to
mixed vegetation response. The values varied between .55 to 1.95. In site 4
increasing trend of N value with depth up to a certain distance indicative of
water hyacinth type of vegetation in deep water. The weighted N value in open
water space was about five times the value in the adjacent densely vegetated
area. Computed N values for all sites are given in Tables 5.3.3-1A, 5.3.3-1B
and 5.3.3-1C, in Appendix for August, September and October, respectively.

5.3.3.4.1.3 Flow Resistance Values Versus Depth as Related to Predominant
Vegetation.

To study the effect of predominant type of local vegetation on flow re­
sistance along the depth of flow, the locations with visibly similar type of
vegetation were gr<;>uped in each site and the average N value was computed and
plotted as a function of depth. These relations for sites 1, 2, 3, and 4, are
given in Figures 5.3.3-7, 5.3.3-8, 5.3.3-9 and 5.3.3-10, respectively. Each
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Figure.5.3.3-&. Relation Between Weighted 'N' Values and Total Depth.
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Figure 5.3.3-7. Relation Between Averaged 'N' Val~s forOifferent Ve~tation Classes and Depth for Site 1.
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rlgure :>.J.J-tl.
Relation Between tN' Values for Different Vegetation Classes and Depth for Site 2. (Sept. 25, 1978) .
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Figure 5~.3.J-,9. .
Relation Between-Averaged"fCJYaluesfor'Offfereftt"Yegetation Classes and Depth for Site 3. (Sept. 25, 1978).
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predominant vegetation group gave a distinct trend of N values in relation to
depth. .

As indicated in Figure 5.3.3-7, vegetation in site 1 was classified into
5 groups, namely ..

A - Water hyacinth no other major weed

Bt- Pickerel weed and water hyacinth mixed

C - Pi ckere1 weed no other major weed

i 1 d b01- Pickere weed an . uttonbush
.~

E- Open water space with submerged vegetation.

In case 'of group A. vegetation the N values were maximum near the surface
at about 25 em depth which decreased with depth and the minimum values were
found at the bottom at a flow depth of 60-70 em. The maximum N values here
were about 2 1/2 times the maximum value reported in literature for heavily
vegetated floodplains (Petryk and Bosmajian, 1975) and the minimum values
were of about the same magni tude as reported by Ree (l958) for row crops like
sorgh~m and wheat. For vegetation groups C and D,the ~ values started with
value close to .4 at 25 em depth and then increased with depth about three times
at a depth of 50-55cm that is close to the bottom. Vegetation groupB pro­
duced 'V I type of curve because of the two different types of vegetation
groups with heavily vegetated flood plains values at 35-45 em depth. Open
water space with little emerged vegetation but containing submerged weed growth
gave relattvely smaller N values as compared to any other vegetation group.
TheN values increase a little with depth in this case. . .

In site 2, four vegetation groups were formed such as: C ... pi kerel weed
alone ~nd no other major weed; C1 ... prodominantly pickerel weed mixed with some
thin trees scattered; E ... open water space with little visible vegetation but
submerged vegetation present; and E2 - mostly open water space but with thinly
scattered emerged vegetation. No flow depth at this site was more than
40-45<;m•.. N. values with predominantly pickerel weed vegetation were of about·
the salle magnitude as reported by Leutteusser and Chisholm (1972) for an open
channel steep and with heavily vegetated sideslopes. In typical pickerel weed
situat"on values increased with depth.and in other cases they decreased.
Slight decrease in N values with depth is also evident in case of open water
space ,rea where the N values were about the same order as reported for row
crop 1ike sorghum (Ree, 1958) • In open water space with s1i ght...emerged
vegetation the flow resistance values were almost doubled in magnitude.

Figure 5.3.3-9 indicates the trend of N values asa function of depth
where the predominant local vegetation is dense pickerel weed. The relation
produces·a IJt.typecurve with the minimum N values in between depth of 25
and 45 em. These values varied about 1 1/2 to 3 1/2' times the maximum N value
reported for heavily vegetat~d flood plain.

In Figure 5.3.3-1D for site 4, the vegetation was classified into two
groups such as A - tall thick water hyacinth and E -open water space wi th
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submerged vegetation and adjacent to water hyacinth area. The N values under
thick hyacinth increased to a maximum up to 30 - 35 cm depth and decreased
rapidly indicating less resistance at lower depth due to relatively free space
for flow. The values varied from 5 to 7 1/2 folds the maximum N value re­
ported in literature. In open water space adjacent to the vegetated areas the
N value increased with depth due to flow impedence caused by submerged vege­
tation.

Finally the flow retardance values for subsites with visibly similar type
of vegetation for all sites are combined and averaged for a given depth.
These averaged N values are given in Figure 5.3.3-11. The figure clearly in­
dicates the trend of flow resistance values as related to the predominant type
of local vegetation present in the Slough. The relations support the trends
depicted in preceding figures for vegetation groups in each site.

5.3.3.4.2 Relations Between Flow Retardance Values and Vegetation Density

To study the effect of vegetation growth in general on the flow retardance
values, vegetation density at each depth at each location was calculated and
flow resistance values were plotted against the vegetation density. Calculated
vegetation density was a relationship developed from flow velocity data with
the assumptions that flow velocity is uniform over the depth interval used and
flow retardance value without vegetation is negligible as compared to calcu­
lated N value for vegetated area in the slough. Vegetation densitys calcu­
lated as an area occupied by vegetation per unit area of flow per unit length
of flow path ;s expressed on relative basis. The values differed very widely
from location to location and with depth at the same location. The vegetation
density data for different sites are given in Appendix. The studies indicated
that the vegetation density (as expected) was very very high near the surface
where water hyacinth was growing and the values, though larger, were compar­
able w;t~ the vegetation density values calculated for pickerel weed and
buttonbush mixed vegetation found at the bottom of flow for site 1 and 3.
Vegetation density values for 1 and 4 were in extremes from very low to very
high, whereas in case of site 3 the values were intermediate and for site 2
they were generally low.

The computed Nvalues versus vegetation density data are plotted in
Figures 5.3.3-12 through 5.3.3-17 for all sites except site 2. The reason
site 2 was not included was that most of the flow velocity data were confined
to one depth and very rarely to two depths because of less deep water. Vege­
tation density and Nvalues plots indicate that there is a direct relation
between the two which varies from linear to curvilinear types of trends with
most curves indicating curvilinear response in N values against vegetation
density which could probably be due to hydrodynamical behavior of the local
vegetation. Nvalues versus vegetation density relations for subsite 9
(Figure 5.. 3.3-13), 3, and 13 (Figure 5.3.3-14) in site 1, and subsitesl, and 8
(Figure 5.3.3-16) in site 3 are straight line type relations and all other
relations are curvilinear. Local vegetation description given for different
subsites indicate that straight line type of direct relation between Nvalues
and vegetation density was observed where the vegetation was stiff, tall,
and/or mixed. Curvilinear type of response can be explained on the basis
that since most of the local vegetation is succulent and lush type, with rela­
tively larger flow velocity and less density the vegetation can bend and there



Figure 5.3.3-11.
Overall Relation Between 'N I Values' and Depth forOifferent Types of Vegetation for All Sites.
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Figure 5.3.3-12.
Relation Between 'Nt Values and Vegetation Density for Site 1. (Sept. 25, 1978). (Subsites 1,2,4,6,12),
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Figure 5.3.3-13.
Relation Between 'M) Values and V~getation Oensityfor Site 1. (Sept. 25, 1978). (Subsites 7,8,9,11).
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Figure 5.3.3-14.
Relation Between 'N' Values and Vegetation Density for Site 1. (Sept. 25, 1978). (Subsites 3,10,13).
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Figure 5.3.3-15.
Relation Between'N' Values and Vegetation Density for Site 3. (Sept. 25, 1978). (Subsites 1,2,3,8).
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Figure 5.3.3-16.
Relation Between IN' Values and Vegetation Density for Site 3. (Sept. 25, 1978). (Subsites 4~5,6,7,9).
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F~re·5.3.3 ... 17.. RelatiOJL8etifeen'N J Values and Vegetation Density for Site. 4. (Sept. :25, 1978). (Subs ites 1"2,3,4 ) .
- - ~

4

3

V)
Q) 2~,.....
to
>
z

1

o 40 80 120

--_.-
.. - .
--

160

Subsite 1

Subsite 2

Subsite 3

Subsite 4

vegetation density Ft2/Ft Flow Path/Ft2 area of Flow



is less force of retardance exerted but as flow velocity decreases and density
becomes more, the retardance force becomes larger and larger and approaches
a maximum in thick full matty canopy.

Calculated vegetation density data for all sites is given in
Tables 5.3.3-2A, 5.3.3-28 and 5.3.3-2C in Appendix for August, September and
October, respectively.

5.3.3.4.3 Flow Resistance and Vegetation as Related to Time

From the data collected over a period of three months it is hard to make
any interpretations as to the effect of' time on flow resistance. For one rea­
son or the other the flow velocity data could not be collected as a function
of depth on all the three dates. In August the flow meter was not working
alright, and in October the water level had receded sufficiently and few places
even did not have free water. However, surface flow measurements were taken
using the dye technique at all the three times. Computed Nvalues for surface
flow in general do indicate an increase in N values as the time progresses
from rainy to fall season. This, of course, is related to the receding water
level and decreased flow depth. Decreasing water level results in over all
reduction in general flow rate and then general increase in vegetation density
with depth impedes the flow further. That gives an increasing trend in .
N values with time over this particular period, from August to October. That

'is true for effect of time on vegetation density at the surface too. Relation
for any location in site 4 is not plotted because data could not be collected
for surface flow in the month of September because of rain at the time of this
particular measurement. Flow resistance values for surface flow are plotted
as a function of time in Figure 5.3.3-18.

5.3.3.4.4 Roughness Coefficient and Vegetation Density Values Calculated
from November 1978 Data

In this trip, made in the end of November, water level was observed to
have receded significantly. Among all the sites, site 2 in general had shal­
lower water depth than any other site at any time. This time, most of area in
site 2 where measurements were usually made, had dried up and the originally
deeper spots had little water moving extremely slow. Because of shallow water
depth allover, water current meter was not used. Instead, wherever possible
flow velocity was measured using the dye tehcnique at different subsites in a
given site ~xcept site 2.

Floating type of vegetation like water hyacinth had settled at the bottom.
At some places growth of short water hyacinth had appeared. Some of the vege­
tation like pickerel weed and buttonbush in particular, appeared withering.
Factors like (i) shallow depth of water, (ii) vegetation density, (iii) bent
and detached vegetation, (iv) bottom surface roughness of the slough, and
(v) more re~istive hydraulic behavior of the plant parts (bottom parts close
to the ground are stiffer; they do not bend, and when water passes they offer
more. resistance) all contributed significantly to impede the flow. At some
places large depressions had made the water stagnant.

The calculated Nand vegetation density values from November water flow
data are given in Tables 5.3.3-10 and 5.3.3-20 in Appendix, respectively.
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The flow retardance values in general are of about the same magnitude as indi­
cated by previous measurements made by using dye technique. There is a slight
increase in Nvalues in general as a function of time (Figure 5.3.3-18) and
November data further supports ; t. At subs i te 1 insi te 1 where dye measure­
ments were made most of the times~ the N values went up a little with time
with November values being the highest. Among other subsites, namely 5, 6,
and 9, the November Nvalues are not very different from that of October
values. Similar type of trend of none to slight increase in November Nvalues
for surface flow measurements at di fferent 1ocati ons infested wi th sparse to
dense vegetation has been observed for si tes 3 and 4 as compared to October
values. Relation of Nvalues obtained from dye measurements did not give any
consistent trend with respect to flow resistance values calculated from water
current meter flow data taken earlier at the same depth. That is, no parti­
cular relation was observed in N values computed first from meter flow data
at a particular 5ubsite at some depth and then from the other method later
when water level receded to this depth and dye measurement ,had to be made.

A large increase in November vegetation density values computed from dye
technique velocity data has been noticed as compared to August data for sub­
site 1 in site 1 and most of the subsites in sites 3 and 4. There is a gen­
eral increase in vegetation density values in relation to time with the largest
values obtained in November. This is true for vegetation density values ob~

tained from surface flow measurements using dye technique. However, vegetation
density values calculated from current meter flow velocity data at 20 cm and
other depths were generally larger as compared to the values obtained from
surface flow measurements even after the water level had receded to the lower
level giving the same depth of water from the bottom in both cases.

5.3.3.4.5 Roughness Coefficient and Vegetation Density Values Calculated
from June 1979 Data (marsh zone stage = 29.34 ft. MSL)

IN I values obtained from water flow data collected in June followed the
same pattern in relation to type of vegetation and its density as observed
last year. The values showed more consistent relation with a particular
species of vegetation. Flow resistance values in general were in the same
range and indicated the same general trend as was obtained from water flow data
collected in October last year (1978). During that time the vegetation growth
was on decline after peak period of growth, whereas during this time (i.e.
June 1979), the aquatic vegetation is still growing but growth rate is slow
due to unusually dry weather pattern. Water depth in slough in general was
shallow and was of about the magnitude as in October last year. A few inter­
esting changes were observed in the vegetation patterns that subsequently
affected flow resistance values. Some of these changes were:

1) Vegetation Establishment Drift. Last year, some places did not have
much protruding vegetation, that is, some places had open water spots.
But this time most of those places were filled up with water hyacinth,
pickerel weed, and other aquatic weeds. This was particularly true of
sit~ 2 which had lot of open space containing shallow water depth with
very sparse vegetation on one side last year, but this time it was filled
wi th most medi urn hi gh ' pi ckere1 weed mi xed wi th other type of vegetation.
Very dense and tall water hyacinth had given way to short and dense
growth of this weed at site No.4. This resulted in the differences of
flow retardance values determined at these places.



2)

3)
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Less location to location difference in 'N' values was observed for a
particul ar type of vegetation since rain and temperature conditions pera.
mittedmore uniform vegetative growth of selected species. The flow
retardance values were more typical of a particular type of vegetation.

This timet effect of defoliants was also observed. Site 1, a section
with mainly pickerel weed and buttonbush mixed vegetation, had been
sprayed. The area had only dry stems of mostly buttonbush standing in
close vicinity of natural vegetation. The 'N' values in nonsprayed areas
were more than double those measured in sprayed areas.

4)
j

A~ measured previ ous ly, . 'N' values increased wi th depth up to about 20 cm
arid then the 'N' value below this depth was smaller, indicating 1ess
restricted flow below the water hyacinth root concentration zone. In the
case of pickerel weed and other types of vegetation, 'N'values increased
wi th dept~. Because of sha llow depth of water, flow resis tance values
in some cases could not give very distinct trend with depth.

Calculated'N' ~alues ~re given in Tables 5.3.3~lE and 5.3.3-1F of the
Appendix for measurements made by using flow meter and dye technique, respec­
tively.

Vegetation density values were also calculated from ·thevelocity data
collected at different locations in relation to type of vegetation. The
calculated data are given in Tables 5.3.3-2Eand 5.3.3... 2F of the Appendix.
In general, vegetatio"n density values also confirmed the response of type of
vegetation to flow, based on the anchoring and rooting patterns of a particu­
lartype of vegetation. Vegetation density values associated with water
hyacinth decreased with depth, whereas an opposite trend was observed in the
case of pickerel weed alone or pickerel weed and water hyacinth in combi nation.
Vegetation density values were almost of the same magnitude as determined from
last year's data ..

5~3.3.4.6 Roughness Coefficient and Vegetation Density Values Calculated
from July 1979 Data

Water level in the slough had increased by about 16 cm as compared to
water level observed in end of June. Vegetation in general was also noticed
tohav~ proliferated. Flow retardance values indicated an increasing trend.
Water flow measurements, made in the surface 10 cm or so using flow meter or
dye tethniqUet gave higherN values at some places in spite of higher: water
levels~ This was probably because the protrUding as well as submerged vege­
tationhad also flourished with excess water and favorable temperatures.
CalculatedN values obtained from flow meter as well as ·dye technique are
given in Tables 5.3.3-1G and 5.3.3-1H of the Appendix.

In site 1, flow resistance values were little smaller in locations where
water hyacinth was growing as compared to values obtained for June. Whereas,
these valuesinpickerelweedi area had become larger with time and depth of
water. In sprayed defoliated area the flow resistance values were almost
of the identical. magnitude. However, in the nonsprayed a,rea adjacent to the
sprayed area, the N values had increased in magnitude probably because of
the more luxriant vegetative growth during the sunrnerseason. Roughness
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coefficient values in open water space surrounded by vegetative areas s-howed
decrease with time and depth of water.

In site 2, dye measurements indicated increase in the N values for July
dates. Values in general were typical of pickerel weed type vegetation.
Shallow depths and submerged vegetation gave relatively larger flow resis-
tance values.

At site 3, water flow measurements indicated the same magnitude of flow
resistance as observed earlier.

Flow measurements obtained from dye technique showed increase in the flow
resistance in the thick water hyacinth vegetation areas in site 4. Floating
type vegetation had formed a more dense covering at the surface.

Vegetation density values calculated from the water flow data are given
in Tables 5.3.3-2G and 5.3.3-2H of the Appendix. These values were typical
of the various types of vegetation. For water hyacinth, the vegetation density
values decreased up to a certain depth, and then increased near the bottom
whereas for other type of vegetation and open water spaces, vegetation density
values increased with depth. MagnitUde of vegetation density values impeding
the flow of water relatively was less as compared to values obtained from
June data.
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5.3.3.5 APPENDIX
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Table 5.3.3-1A. Manning's "N II Valu'es Calculated from Water Flow Data
Measured on Aug., 22, 1978 (using Dye Method ) .

Site Flow 51/ 2

& Depth Value Ca lculated
Location (em) Used 'N' Values Type of Vegetation

1 50 .0130 .271 Tall thick hyacinth vegetation

2 58 .0130 .357 Pickerel weed

3 60 .0130 .316 Pickerel weed

4 1 63 .0328 .841 Open space

2 60 .0328 .870 Open space

2 1 44 .0125 •155 Open water with some below surface
veg. mixed w/pickerel

2 48 .0125 .180 Open water with some below
surface veg. mixed w/pickerel

3 49 .0125 · 111 Tall pickerel weed

4 61 .0125 .088 Open water, no surface vegetation

5 39 .0125 · 149 Aquatic weed, thin-sterrmed vegeta-
tion and some open space

3 1 56 .0107 .231 Pickerel weed



T bl 5 3 3 lB· Mannl"ng's 'N' Values Calculated from Flow Data Measured on Sept. 25, 1978 (using Flowmetera e • • - •
and Dye Methods).

Site Flow 51/ 2

& Depth Value Calculated 'N' Values at Depths (em)
Location (em) Used 20 30 40 50 60 Ave. Type of Vegetation

1 65 .0130 .711 .477 •128 .103 .115 .400 Hyacinth vegetation covering surface,
no other weeds

2 40 .0130 .244 .286 .515 .303 Hyacinth vegetation covering surface,
at 35cm no other weeds

3 50 .0130 .384 .378 .440 2.687 .737 Pickerel weed tall vegetation

4 42 .0130 .469 .357 .328 .419 Pickerel weed/hyacinth mixed
at 37cm

5 50 .0130 .299 .269 .299 .448 .315 Not much hyacinth, some open spots (J'l.
w

.348 Pickerel weed, not very tall
I

6 65 .0130 .628 .421 .088 .087 .094 (J'l
w

1* 50 .0130 .378 .378 Hyacinth, pickerel weed mixed

1 7 65 .0130 1.455 .348 •179 •188 .183 .698 Very thick hyacinth

8 70 .0130 1.529 .415 .111 .. 111 •102 .659 Very thick hyacinth

9 55 .0130 .795 .573 .502 .895 .720 Hyacinth, pickerelweed mixed

10 40 .0130 .297 .724 1.654 .632 Pickerel weed area
at 35cm

11 40 .0130 .399 .724 .643 .506 Pickerel weed, butto·n bush
at 35cm

12 40 .0130 .463 .346 .406 .430 Pickerel weed, button bush green
at 35cm

13 40 .0130 .326 .326 2.316 .699 Pickerel weed, button bush dry
at 35cm

(Continued)



. Tab1e 5.3.3-1 B.. (Continued)

Site Flow S1/2
& Depth Value Calculated tN' Values at Depths (cm)

location (em) Used 20 30 40 50 60 Ave. Type of Vegetation

4 1 78 .0158 1.464 4.393 4.393 .976 1.464 2.. 112 Thick water vegetation, tall growth

2 73 .0158 1.910 4.200 4.200 3.002 1.314 1.910 Thick water vegetation, tall growth

3 65 .0158 .. 427 .427 .618 1.216 .628 Open water space, little below
surface vegetation

4 70 .0158 4.087 4.087 .560 1.277 4.087 3.081 Hyacinth, thick vegetation

2 1a 30 .0125 .207 . 178 .202 Open water area with small aquatic
weeds below surface

lb 30 .0125 •116 . 117 · 116 50% weeds
O't

lc 30 .. 0125 .. 103 .096 .102 Open, no surface covering weeds .
w
t

U1
Id 27 .0125 .186 .186 Not much weeds ~

4a 27 .0125 .120 · 120 25% pickerel weed, some small weeds

4b 27 .. 0125 .110 •11 0 20% pickerel weed and sporadic small
weeds

4c 25 . 0125 . 122 · 122 Small pickerel weed, mixed veg .

4d 25 .0125 .. 084 .084 Shallow water, small pickerel weed and
mixed vegetation

4e 25 .0125 .163 •163 Shallow water, small pickerel weed and
mixed vegetation

*lc 27 .0125 .074 .. 074 Open water with some below surface
near weeds

*4c 25 .0125 •114 .114 Small pickerel weed, mixed veg.
near

*4e 25 .0125 .211 .211 Small pickerel weed, mixed vega

(Continued)



Table 5.3.3:-18. (Continued)

Site Flow 51/ 2

& Depth Value
Location (cm) Used Type of Vegetation

2a 35 .0125 .328 .281 .316 Small vega covering surface

2b 35 .0125 .339 .334 .338 Small vega covering surface

2c 35 .0125 .509 .399 .478 Surface covered wi th small
thin-stemmed weeds

2d 35 .0125 .351 .283 .332 . Surface covered with small
thin-stemmed weeds

2e 35 .0125 .200 .240 .211 Tall pickerel weed

2f 35 .0125 .221 .226 .222 Pickerel weed, thick vegetation <.T1.
w

2g 38 .0125 .215 .342 .258 50% pickerel weed and thin-stemmed I
U'1

plants U'1

2h 40 .0125 .2·23 .318 .318 .259 75% pickerel weed vegetation

3a 40 .0125 .186 .223 .223 .200 Relatively tall pickerel weed mixed

3b 40 .0125 .371 .223 .180 .307 Relatively tall pickerel weed mixed

3(; 40 .0125 .206 .245 .276 Relatively tall pickerel weed mixed

3 1 60 .0107 .780 .694 .694 .780 .892 .789 90% pickerel weed, thick vegetation
and some hyacinth

2 60 .0107 .892 .694 .438 .892 .764 II

3 60 . .0107 .624 ~499 .416 .609 .557 II

4 60 .0107 1.784 .312 .609 1.784 1.294 II

(Continued)





Table 5.3.3.1C. Manning's 'N' Values Calculated from Water Flow Data ·Measured on·Oct. 17,1978 (using
Flowmeter and Dye methods).

Site
_SubsiteFlow

.& Depth
4cQcat ions ~(em)

Sl/2
Value
Useq

Calculated INI Value:s:at .Depths (em)
Surface 20 30 40 50 60 Type of Vegetation Temp

1 1
-".

47 .0130 • 716

1 t 47 .0130 .. 183

2 23 .0130 1.601

2' 25 .-0130 .846

3 41 .0130 1.070

3' 41 .0130 .. 471

4 25 .0130 .277

4 1 25 .0130 •206

41I 25 .0130 .332

5 25 .0130 •197

51 25 .0130 .212

6 25 .0130 .339

6' 25 .0130 •769

~ 153 .092

.122 .086

. 187 .78i

.277 . 138

(Continued)

Water hyacinth, thick veg. covering 22 0

surface. About 100 cm tall.

Pickerelweed lodged (dying down)
and some dry button bush.

t~ate'rhyacinth ,. thick veg. 1; ke
subsite 41

Button bush and some open water (and
submerged weeds) and some pickerel
weed (dying vegetation) .

Pickerel weed, less lodged,medium
height and dry button bush

Thick pickerel weed, less button bush
dry .

(JI.





Table 5.3.3.1C~ {Continued)

Site sl/2Subsite Flow
& Depth· Value .Calculated IN' Values at Depths (em)

locations (cm) Used Surface 20 30 40 50 60 Type of Vegetation Temp

9 1 25 .. 0130 . 139

9 11 25 .0130 .339

9' 'I 25 .0130 . 145

7* 45 .0130 1. 165

8* 25 .0130 . 190
c.n

9* 25 .0130 . 106 .
<oN
I

* U'1
2 1 6.5 .0125 .074 Some spotty veg. and submerged veg. \,£)

* and very few grass type vegeta-
l 6.0 .0125 . 071 tion .

.*
2902 .13 .0125 .301 Mixed veg. and white flower plants

and pickerel weed, some dying
down button bush type veg.

* Some plants w/white flowers dying3 15 .0125 .214
* down veg. &submerged
4 15 .0125 .227 Dying down veg . &pickerel weed,
1* some submerged veg.
4 20 .0125 .090 Relativ~ly deep water and very

tall &developed pickerelweed +
drying small tall tree stems.

(Continued)



Table 5.3.3.1C. (Continued)

Site
Sl/2Subsite Flow

& Depth Value Ca leul ated 'Nt Values at Depths (cm)
Locations (em) Used Surface 20 30 40 50 60 Type of Vegetation Temp

3 1* 35 .0107 .415 Thick pickerel weed (med. height 24°
lodged plants, dying down

2* 35.3 .0107 .428 vegetation 90% pickerel weed

3* 30 .0107 .477

4 1 35 .0158 . 1.839 Thick water hyacinth all covered 24°
and submerged vegetation.

1 t 35 .0158 2.575
(J'I

1 ' , 35 .0158 1.287 w
t

0"\

1* 35 .0158 .696 Thick water hyacinth veg . all 0

surface covered.
2* 35 .0158 .572 (with vegetation) Not much surface veg. Some

submerged vegetation.
3* 35 .0158 .362 (Without vegetation)

*US1ng dye technique.



Table 5.3.3-1D. Manning,'s N Values Calculated From Water Flow Data Measured on Nov. 29', 1978 (Using
Dye Metho'd). " ,

Site
and

Subsite

1
Between
1 and 3
(~ubsites)

, Avera9~:
Flow

Depth (CM)

35·

, -
s'12V~1 ue "

Used

.0130

Calculated
Velocity
it/sec

.036

Calculated
N

Value

'.588

Type
of

Vegetation
Temp.
at

22

Remarks

Between
2 and' 4
(subsites)

'5
16

19

2

3

3 2

33

4 ,

1

18 .0130 .097 · 140

14 <.n.0130 .078 · 147 .
w
I
0'\-14 .0130 .095 · 121 --'

15 .0130 .. 069 .175

At subsites 1, 2,5, and 6 water had completely dried and at,
subsites3 and '4 very little (1 - 2 em) water was standing .

16 .0107 .019 •545

16 .0107 .032 .323

16 .0107 .036 .287

14 .0158 .042 .333 24 Open water

20 .0158 .030 .591 In open water space

(Continued)



Table 5.3.3-1D. (Continued)

Site Average
Sl/2Value

Calculated Calculated Type
and Flow Velocity N of Temp.

Subsite Depth (eM) Used ft/sec Value Vegetation °C Remarks

4 1 20 .0158 .024 .739 In vegetation
4 2 20 .0158 .051 .348 Open water space
4 2 13 .0158 .047 .283 Open water space



Table 5.3.3-1£. Manning's N Values Calculated from Water Flow Data Measured on June 29, 1979 (Using
Flowmeter Method). .

W
I

0'\
W

U'1.

"

"
Sprayed area, dry defo1 iated plants of button . I

bush .
No succulent vegetation causing resistance to flow .
Last year, this area was full of button bush and

pickerel weed vegetation.
Non sprayed area with natural vegetation. Mostly

medium tall plants of pickerel weed .
Flow was restricted here. These subsites are the

same where last years' subsites 4,·5, and 6 were
located.

Open water space surrounded by water hyacinth thick
vegetation.

In water hyacinth thick vegetation area adjacent to
open water space.

(Continued)

.141 Open water space surrounded by water hyacinth vegeta­
tion. Area adjacent to defoliated area that was
sprayed and had only tall, thin, and dry stems of
button bush standing. Some pickerel weed mixed.

Water hyacinth thick vegetation.
Inside the thick water hyacinth vegetation plants

about 6-8" tall flowering and covering the surface.
Water hyacinth vegetation, bottom not much rough.
Water hyacinth somewhat dense vegetation shallow

uneven depth of water.

•189

10 20 30 Type of Vegetalion

Calculated N Value at
. Depth (cm)

2 35 .424 . 165
2 1 35 .665 .285

2" 35 .311 . 144
3 25 .423

3' 25 .339
4 16 .121
5 16 . 141
6 16 . 251
6' 16 .107

4' . 16 .251
5' 16 .491
611 . 16 .217

7 35 .294 .424

]' 15 .098
7" 35 .706 .706

Average
Site, Flow Slope
Subsite & Depth Value
Locati'on (cm) Used

1 1 35 .000169



Table 5.3.3-1E. (Continued)

Average~.

Site, Flow
Subsite & Depth
Location (cm)

. 51 ope
Value
Used

~ ...~ +.

Calculated N Value at
Depth (cm)

Type·of Vegetation

Medium tall pickerel weed and some dry button bush.
plants.

Medium Tall pickerel weed some dry button bush and
very rare water hyacinth. Vegetation similar to
old 8 and 9 subsites. There were dense bushes at
some places.

Previously there was no vegetation in much of the
area at this site. However, now pickerel weed and
other small grasses were present in abundance
everywhere.

Thick pickerel weed making up about 95% of the vege­
tation with little water hyacinth mixed. Dense
vegetation same as last year.

Thick pickerel weed vegetation mixed with some water
hyacinth.

Thick hyacinth vegetation with dense covering over
the water surface in most of the area. Last year
there was some open water space which had
disappeared this time. .

.312

.217

. 177

. 196

.733 1.467

.489 .667

.407 .407

.407 .733

.407 .407

.733 1.048

.407 .667 1.467

.349 .524 .407

.733 .667 1.467
Flowmeter did not
work, probably due
to battery problem

. Water was shallow
to make any flow
meter readings.

.000156

.0001145
27
27
27
27
27
27
32
32
32

17
17
16

16

1
1'
111

2
2'
211

3
3'
3"
4

3

2



Table 5.3.3-1F. Manning's N Values Calculated from Water Flow Data Measured on June 29, 1978 (Using
Dye Method).

Site and
Subsite

Average
Flow
Depth
(cm) N Values Type of Vegetation Remarks

1

2

3

4

4

7

1
2

1
2
1
2
3

45

16

35

32

25
22

10
10

26
31
29
24
35

.116

.253

•178

.224

.168
•134

.268

.268

.376
•482
.370
. 439

1.123

Sprayed area with defoliated plants.
Dry stems standing (mostly button bush).
Nonsprayed area. Tall pickerel weed
thick vegetation intermixed with water
hyacinth water movement quite slow.
Large open water space though surrounded
by water hyacinth on all sides.
Next to open water space. Measurements
done in 6-7 11 tall water hyacinth forming
thick mat over the surface.
Tall mixed vegetation of pickerel weed and
button bush. Some places plants were in
group obstructing flow.
Pickerel weed, thin grasses, and bushes,

. etc. mixed vegetation. Shallow water.

Pickerel weed about 95% with very small
proportion of water hyacinth mixed •
10-11 11 tall water hyacinth covering
the surface allover•
Very dense cover of water hyacinth re­
stricting flow of water.

Flow was relatively fast­
er. Thesesubsites are
similar to former 4, 5,
6 subsites.

Before ther was no vege­
tation at many places in
this site.
Same type of vegetation
as last year.
No open water space.

All area was covered
with vegetation.

U'1.



Table 5.3.3-1G. Manning's N Values Calculated from Water Flow Data Measured on July 23, 1979 (Using
Flowmeter Method).

Stage Recorder Reading at Site 1 = 29.50 feet m.s.l.

Site
Subsite
and
Location

Flow
Depth

cm Slope
Calculated 'N' Value at Depth (em)
10 . 20 30 40 50 Type of Vegetation Remarks

1

1·

1

1

2

2'

3

3'

4

5

6

6'

45 .000169

45

35

45

35

45

45

35

32

20

· 112

.250

•150

.250

.212

•501

.250

.510

· 141

· 130

.112

.250

.212

.250

.212

.250

.352

• 118

.399

.130

.250

•178

· 150

.159

.212

•178

· 125

· 189

.200

.250

.250

.079

.069

•125

(Continued)

In water hyacinth before open
water space in direction of flow
not very dense water hyacinth.

Open water space adjacent to thiCK
water hyacinth vegetation.

Open water spot, shallow depth, in
the same vicinity as the previous
location.

In wa,ter hyaci nth t thi ck vegeta­
tion east of the second location
plants about 10-12" tall.

Thick water hyacinth same vegeta­
tion as above •

Repeat of above, thick water
hyacinth.

Another location in thick water
hyacinth area with 10-12"
high plants.

Defoliated area with button bush
dry plants. Area surrounded on
two sides by open water space.

Defoliated area, no green vegeta­
tion, dry button bush plants.

Defoliated area dry plants.

Old.

Old sub­
site #2.
Old sub­
site #3.

U'1.



Table 5.3.3-1G. (Continued)

Old 'sub­
, site #4

Repeat of
above.

II

Calculated,'N t Valueatnepth (em)
10', 20' 30 40 SO Type of Vegetatio-n

Site
Subsite Flow
and Depth
Location cm Slope

7 25

7' 25

711 20
8 20

8' 25

au 20
9 20

9- 20

gil 20

1 10 25

10' 25

1011 25

1011 25
11 25

~ ,

.2'38 .151 .339 ' '

.094 .094 . 151

.103 . 103

.252 .204

.076 .094 .339

.094 .292

.292 .347

.205 .205

. 146 •096

.769 .470

.313 .470

.252 .405

.564 .564

.846 .846

In sprayed, defoliated area, no
leafy vegetation ,only dry
stems, same in groups.

Sprayed area, no leafy vegeta­
tion scattered stems.

Sprayed" and. defo1; ated area .
Sprayedarea'sofnewhat scattered

dry plants. '
If

Defo1i ated area.
Defoliated area with groups of

leafless plants scattered around.
II

Defoliated area with slope .

Pickerel weed green vegetation,
adjacent to sprayed area.

Dense pickerel weed mostly and
some button bush.

Dense pickerel weed, on low sides
surrounded by water hyacinth
and defol iated area.

Same as above.
Dense pickerel weed vegetation .

(Continued)

Remarks'

Same as old
subsite #5.
Repeat of
above.

II

Old subsite
No.6.
Repeat of
above.
Repeat of
above.

(J"'I.



Table 5.3.3-1G. (Continued)

Site
Subsite Flow

Value at Depth (em)and Depth Calculated 'N'
RemarksLocation em Slope 10 20 30 40 50 Type of Vegetation

11 • 25 .564 .564 Pickerel weed area surrounded by
water hyacinth and defoliated
area.

12 45 .250 . 112 . 112 . 125 Open water space surrounded by Dye rneasure-
water hyacinth. ment made

here.12 35 .112 .112 .089 Open water space close to Near above
water hyacinth. location. ,

12' 25 .089 Open water space shallow depth. II y,.13 25 .313 .264 Pickerel weed and button bush, Same as old w
Igreen vegetation. 8-9-10 sub- 0'1

13' 25 .564 .339 Pickerel weed and very little sites. Q)

button bush green vegetation.
13" 25 .297 .403 II

.197 .238 Mostly pickerel weed and not much "
button bush.

131l 25 .376 .470 Mostly pickerel weed, some dead
plants and leaves lying on the
surface.

2 1 15 .000156 .579 Pickerel weed mostly 3-4" tall
2 15 .579 thick vegetation . Small plants
3 0 . 579 i ntermi rigl ed ..
4 0 .322 Took a number of measurements at
5 4 .214 at different locations all had
6 4 .289 about the same type of vegeta-
7 4 •322 tion .

(Continued)



Table 5.3.3-16. (Continued)

Site
Subsite
and
Location

8
9

Flow
Depth

em Slope

4
4

Calculated 'Nt Value at Depth (em)
10 20 30 40 50 Type ofVegetatiofl

.386

.386

Remarks

3

3

35 .0001145 .872 .872 .484

30 .0002496 Flowmeter was not working when
reached ·here.

95% of pickerel weed dense vegeta­
tion 3-4· (above water) tall
plants.

Very thick water hyacinth
vegetation.

01.



Table 5.3.3-1H. Manning's N Values Calculated from Water Flow Data Measured on July 23, 1979 (Using
Dye Method).

Site Flow
and Depth N

Subsite (cm) Slope Value Type of Vegetation Remarks

12 19 .000169 .050 Open water space surrounded by water Flowmeter data gave higher
hyacinth. N values.

12 1 19 .044 Adjacent to open water space in II

direction of flow.
10 24 .510 Pickerel weed area dense vegetation.
8 24 . 141 Defoliated area, no leafy vegetation,

some dry button bush plants standing.
2 1 15 .000156 .330 Pickerel weed dense vegetation with

small plants near the surface. c.n

3 35 .0001145 .601 95% pickerel weed dense vegetation. ¥;
I

4 1 30 .0002496 .704 Thick water hyacinth vegetation . ......,
"::>

Plahts about 10-12" tall.
2 33 •917 Thick water hyacinth vegetation .

Dense mat near the water surface.



Table 5.• 3.3-2A. Veget&tion Density Values Calculated from Water Flow Data Measured on AU"g. 22,1978
. (Using Dye Method)

Site Flow
& Depth

Location (em) Slope Vegetati on Densi ty Type of vegetation

1 50 .000169 1. 104 Tall, thick hyacinth

2 58 .000169 1.570 Pickerel weed

3 60 .000169 .1. 174 Pickerel weed

3 1 56.5 .0001145 .678 Pickerel weed

4 1 63 .00025 1.811 Open space, some submerged weed
CJ"l.

2 60 .00025 2.066 Open sapce, some submerged weed ~
I

......
--'

2 1 44 .00015625 .427 Open water and grass-type mixed with pickerel
.weed

2 49 .00015625 .496 Open water and grass-type mixed with pickerel
weed

3 61 .5 .00015625 .140 Open water and grass-type mixed with pickerel
weed

4 39.5 .00015625 .159 Open water, no vegetation

5 23 .00015625 .943 Aquatic submerged weed and open space



Table 5.3.3-28. Vegetation Density Values Calculated from Water Flow Data Measured on Sept. 25, 1978
(Using Flowmeter and Dye Methods).

Site Flow
(em)& ·Depth .,. Vegetation Density at Depth

Type of VegetationLocation (cm) Slope 20 30 40 50 60 70 Ave.

1 65 .000169 . . 5.341 2.409 . 169 108. 16 . 140 2.493 Hyacinth vega covering
surface, no other weed

2 40 .000169 1. 198 1.649 5.341 2.059 Hyacinth vega covering
surface, no other weed

3 50 .000169 2.207 2. 146 2. 907 108. 16 18. 193 Pickerel weed tall vega

4 42 .000169 4.158 2.409 2.030 3.373 Pickerel/hyacinth mixed

5 50 .. 000169 1.335 1.082 1.335 3.004 1.535 Not much hyacinth, some U1
open .

w6 65 .000169 4.158 1.B7 .082 .079 .094 1.926 Pickerel weed, not very f
.......

ta 11 . N

1 50* .000169 2. 146 2. 146 Hyacinth., pi ckere1 mi xed

7 65 .000169 22.347 1.278 .338 .. 374 .353 8.955 Very thick hyacinth

8 70 .000169 22.347 1.649 .117 . 119 .099 8.272 Very thi ck hyacinth

9 55 .000169 8.346 4.326 3.329 10.563 7.106 Hyacinth, pickerel mixed
weed

10 40 .000169 1.778 10.563 55. 184 13.439 Pickerel weed area

11 40 .000169 3.215 10.563 8.346 5.555 Pickerel weed, button
bush

12 40 .000169 4.326 2.409 3.329 . 3.780 Pickerel, green button
bush

. (Continued)



Table 5.3.3-28 . (Continued).



Table 5.3.3-2B. (Continued)

Site Flow
(em)& Depth Vegetation Density at Depth

Type of Vegetationlocation (cm) Slope 20 30 40 50 60 70 Ave.

near lc 27* .00015625 •187 .187 Open water with some be-
low surface weeds4c 25* .00015625 .489 .489 Small pickerel weed and

4e 25* .00015625 1.687
mixed vegetation

1.687 Small pickerel weed and

2a 34 .00015625 2.687
mixed vegetation

1.984 2.501 Small veg. covering
surface

2b 35 .00015625 2.778 2.687 2.752 Small veg. covering
surface U'l

2c 35 .00015625 6.250 3.845 5.563 Surface covered with .
w

small grass-type weed I
........

2d 35 .00015625 2.973 1.929 2.675 Surface covered with ~

small grass-type weed
2e 35 .00015625 .961 1.384 1.082 Tall pickerel weed

2f 35 .00015625 1. 181 1.235 1. 196 Pickerel, thick vegeta-
tion

2g 38 .00015625 1.000 2.520 1. 188 50% pickerel, some grass

2h 40 .00015625 1.000 2.041 2.041 1.534 75% pickerel weed vege-
tation .

3a 40 .00015625 .694 1.000 1.000 .809 Relatively tall growth

3b 40 .00015625 2.778 1.000 .650 2.046 Pickerel weed, mixed veg.

3c 40 .00015625 .857 1.208 .989 Pickerel weed, mixed veg.

(Continued)



Table 5.~.3-2B. (Continued)

Site Flow
(em)& Depth Vegetation Density at Depth

Location (cm) Slope 20 30 40 50 60 70 Ave. Type of Vegetation

3 1 60 .0001145 7.156 5.654 5.654 7.156 9.346 6.929 90% pickerel weed

2 60 .0001145 . 9.346 5.654 2.255 9.346 7.253 Thick weed, some
hya-cinth

3 60 .0001145 4.580 2.931 2.035 4.359 .3.729 Thick weed, some
hyacinth

4 60 .0001145 37.384 1. 145 4.359 37.384 24.464 Thick weed, some
hyacinth

5 60 .0001145 73.294 37.384 15.139 37.384 47.704 Thick weed, some U't

hyacinth .
w

6 60 .0001145 2.931 2.035 8. 142 73.274 18.522 Thick weed, some I
.......

hyacinth (J'I

7 60 .0001145 7.156 8. 142 15.139 37.384 15.281 Thick weed, some
hyacinth

8 58 .0001145 2.931 2.931 2.817 8.142 3.942 Thick weed, some
hyacinth

9 57 .0001145 7.156 1.969 2.931 73.274 18. 190 Thick weed, some
hyacinth

3 near·.·l* 60 .0001145 1.064 1.064 90% pickerel weed,
some hyacinth

near 5* 60 .0001145 1.303 1.303 90% pickerel weed,
some hyacinth·

*Using dye method.



Table 5.3.3-2C. Vegetation Density Values Calculated from Water Flow Data Neasured on Oct. 17, 1978
(Using Flowmeter and Dye Methods).



Table 5.3.3-2C. (Continued)



Table 5.3.3-2C. (Continued)

Site,
Subsite, Flow S

& Depth Value Calculated Vegetation Density at Depth (em)
Location (em) Used Surface 20 30 40 50 60 Type of Vegetation

4* 25 .000169 1.570

4* 25 .000169 1.609

5* 25 .000169 .945

6* 25 .000169 1.429

7* 45 .000169 23.400
U"l

8* 25 .000169 1.365
.
w
I......,

9* 25 .000169 .422
<Xl

2 1* 6 .00015625 1.235

1* 6 .00015625 1.262

2* 13 .00015625 8. 163

3* 15 .00015625 3.429

4* 15 .00015625 3.845

4' * 15 .00015625 .411

3 1* 35 .0001145 4.154

(Continued)



Table 5.3.3-2C. (Continued)

Site t

Subsite t Flow S
& Depth Value Calculated Vegetation Density at Depth (C~6Location (em) Used Surface 20 30 40 50

2* 35.3 .0001145 4.359

3* 35 .0001145 6.729

4 1* 35 .00025 11.687

2* 35 .00025 7.901

3* 35 .00025 3.265

1• 35 . 00025 81.633

1 J • 35 .00025 160.00

l' t t 35 .00025 40.00

*Using dye technique.

Typeof,Veg~tatj()n

c..n.
(,.oJ
I

........
'D



Table 5.3.3-2D. Vegetation Density Values Calculated from Water Flow Data Measured on
Nov. 29, 1978 (Using Dye Method).

Site Flow
and Depth Slope

Subsite (cm) ft/ft Vegetation Density Type of Vegetation Remarks

1 '1-3 35 .000169 8.346

li_4 18 .000169 1. 150

1 - 14 .000169 1.7785

16 14 .000169 1. 198

19 15 .000169 2.272 O"t.
w

3 1 16 .0001145 20.299
I

~

2 16 .0001145 7.156

3 16 .0001145 5.654

4 14 .00025 9.070 Open water

1 20 .00025 17.778 Open water

1 20 .00025 27.778 In vegetation

2 20 .00025 6. 151 Open water

41· 2 13 .00025 7.243 Open water



Table 5~3.3-2E. Veg,etationDensity Values Calculated from Water Flow Data Measured on June 29, 1979
(Using Flowmeter Method).

Average
Flow Vegetation density at

Site & Depth depth (cm)
Location (an) Slope 10 20 30 Type of Vegetation

1 1 35, .000169 .862 .481 Open water space surrounded by water hyacinth.
Area adjacent to sprayed region where the
plants were defoliated.

2 35 4.326 .660 Water hyacinth thick vegetation.
2' 32 12.018 2.207 Inside thick vegetative area covered with water

hyacinth.
2" 32 , 4.326 .927 Thick water hyacinth vegetation with somewhat

smooth bottom surface.
U't3 25 6.760 Thick water hyacinth with uneven bottom sprayed .
w3' 25 4.326 area has dry defoliated plants of button bush. I
004 16 1.000 At one section too many dry plants mixed with .....

5 16 1.365 submerged vegetation. Nonsprayed area with
6 16 4.326 natural vegetation, mostly medium tall pickerel
6' 16 .790 weed.
4' 16 4.326
5' 16 12.018
6" 16 3.215 "

1 7 35 2.086 4.326 Open water space surrounded by thick water
thyacinth. '

7' 15 J.126 Thick water hyacinth vegetation area.
7u 35 12.018 12.018 12.018
8 17 6.132 Pickerel weed of medium height mixed with some
8' 3.215 dry button bush.
9 16 2. 146 II

9' 16 2.641 II

(Conti'nued)



Table 5.3.3-2E.(Continued)

Average
FlOw

Site & Depth
Location (em) Slope

Vegetation density at
depth (em)

Type of Vegetation

3 1 27 .0001145 18.320 73.280
1 1 27 8.142 15. 140
111 27 5.654 5.654
2 27 5.654 l8.320
21 27 5.654 5.654
2" 27 18.320 37.388
3 32 5.654 15. 140 73.280
3' 32 4. 154 9.347 5.654
311 32 18.320 15. 140 73.280

Thick pickerel weed about 95% in proportion
with very little water hyacinth. Dense
vegetation.

Thick pickerel weed mixed with very little
water hyacinth.

(J"'l

eN
t

ex>
N,



Table 5.3.3-2F. Vegetation Density Values Calculated from Water Flow Data Measured June 29, 1979
(Us ing Dye Method)." "

Average
VegetationSite and Flow

Location Depth Slo.pe" Density

4 45 .000169 •963

4' 16 3.850

7 35 •764

7' 32 1.365

8 25 1.975

8 1 22 2.030
2 1 10 9. 183

2 10 9.183
3 26 5.075

31 6.729
4 1 29 4.294

2 24 7.551
3 35 30.202

Type of Vegetation

Defoliated button bush plants with some pickerelweed .

Natural vegetation of pickerel weed and button bush
adjacent to sprayed area .

Open water space surrounded by thick water hyacinth
vegetation.

Water hyacinth vegetation 6...811 tall plants.

Pickerel weed tall and button bush vegetation mixed.

II

Thick pickerel weed with small grasses covering the
surface.

Thick pickerel weed about 95% in proporation with
medium height. "

Thick water hyacinth vegetation forming a mat over"
surface.

U'l.



Table 5.3.3-2G. Vegetation Density Values Calculated from Water Flow Data Measured on July 23, 1979
(Using Flowmeter Method).

Site, Flow Calculated Vegetation Density
Subsite & Depth at Depth (em)
Location (em) Slope 10 20 30 40 Type of Vegetation

1 1 45 .000169 .216 .216 1.082 1.082 Water hyacinth area before open water space.

2 45 1.082 1.082 .544 1.082 Open·water space next to thick water hyacinth

21
vegetation.

35 .544 1.082 .544 Open water space (surrounded by water hyacinth)
next to defoliated area.

3 45 1.082 1.082 .433 .108 Thick water hyacinth 10-12" tall plants.
31 35 1.082 1.082 1.082 II deeprooted.
311 45 4.326 1.082 .544 .082 Thick water hyacinth.
4 35 1.082 2. 146 .270 .270 Water hyacinth somewhat shallow rooted. U'l..
5 35 .544 .334 .862 Open water area near defoliated button bush w

f

section. ~
6 32 .544 4.326 1.082 Defoliated button bush section, no leafy

vegetation.
6 1 20 .862 .862 Sprayed, defoliated area.
7 25 2. 146 .862 4.326 Defo1i ated area, dry button bush plants

present in groups.
1 71 25 .334 .334 .862 Sprayed, defoliated area not much surface

vegetation.
7" 20 .544 .544 II

8 20 3.215 "2. 146 Sprayed area but some submerged vegetation.
8' 25 .216 .332 4.326 Open water space in defoliated area but some

submerged vegetation.
8" 25 .334 3.215 Defoliated button bush area.
9 20 4.326 6.132 Groups of defoliated button bush plants.
9' 20 2.146 2. 146 Sprayed area.
911 20 1.082 •481 Sprayed area .

(Continued)



iable 5.J.3-2G. (Continued)

, Site~ Flow Calculated Vegetation Density
Subsite & 'Depth at Depth (em)

Type of Veget~ttonLocation (em) Slope 10 20 30 40

10 25 22.347 8.346 Pickerel weed dense vegetation~ nonsprayed
area adjacent to sprayed area. '

10' 25 3.709 8.346 Dense pickerel weed vegetation.10" 25 3.215 8.346 Dense pickerel weed with decaying plants at
surface.

10" 25 12.018 12.018 II

11 25 27.040 27.040 "ll' 25 12.018 12.018 "12 45 .000169 1.082 .216 .216 .270 Open water space surrounded by water hyacinth.
12 45 .216 .216 .135 .334 ..
12' 25 3.709 2.641 Pickerel weed and some button bush. U'1.12" 25 12.018 3.215 Thi ck pi ckere1 weed mostly. w

I13 25 4.326 1.365 Thick pickerel weed vegetation and some Q:)
U'1

button bush.
13' 25 3.329 6. 132 II

13" 25 1.462 2.146 Pickerel weed and button bush.
13/1 25 5.341 8.346 Thick pickerelweed and other vegetation.

2 1 15 24.96 Pickerel weed dense vegetation, mixed with
2 15 24.96 small protruding as well as submerged
3 15 .000156 24.96 vegetation.
4 ' 15 ,].704
5 15 3.424
6 15 6.241
7 15 7.704 Pickerel weed plants about 3-4' tall (above
8 15 11.093 the water surface).
9 15 11.093

10 15 7.704
3 35 ~OOO1145 18.32 18.32 5.654 95% pickerel weed dense ,vegetation."
4 30 .0002496 No flowmeter readings Thick water hyacinth vegetation.



Table 5.3.3-2H. Vegetation Density Values Calculated from Water Flow Data Measured on July 23, 1979
(Using Dye Method).

Site
Subsite &
Location

2

3

4

Average
Flow Depth

(em)

19

19

24

24

15

35

30

33

Slope

.000169

.000156

.0001145

.0002496

Calculated
Vegetation
Density

•137

. 105

4.694

.790

8. 150

8.713

14.669

21.913

Type of Vegetation

Open water space surrounded by water hyacinth.

In water hyacinth area adjacent to open water
space.

Pickerel weed area dense vegetation.

Defoliated area with button bush dry stems.

Thick pickerel weed area with submerged vege­
tation. Shallow water.

95% pickerel weed area.

Thick water hyacinth vegetation plants 10-12"
tall.

Thick water hyacinth forming mat on surface.

Remarks
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5. 3.5 Cone1us ions

In the past, one value of the roughness coefficient has frequently been
used to represent the flow resistance characteristics of an entire natural
wetland throughout the year. To improve the simulation of water flow through .
these natural vegetation cOll11lunities, LANDSAT imagery and in situ flow measure­
ments were combined to produce a more detailed representation of flow resis­
tance. The vegetation in a typical marshland drainage basin in south Florida
was classified into six categories using LANDSAT data. Flow measurements were
then performed at characteristic sites in the basin. The measurements were
taken at various depths during months of significant flow to examine the effect
of seasonal growth. This information was then combined with the arealdlstri­
button of the vegetation as measured by satellite to more accurately simulate
resistance to water flow in a natural marshland drainage basin as a function of
depth and season.

Two types of vegetation based on their rooting mechanism were selected
namely; a) Floating type of surface rooted like water hyacinth, and b) Bottom
rooted like pickerel weed. Flow velocity 'at different locations representing
typical vegetation was determined using electromagnetic water current meter
and dye technique. Areas with floating type vegetation alone gave flow re­
sistance values that started high with shallow depth ;n the beginning of
growth season and as the flow depth increased with time and onset Of rainy
season the values decreased with water level rise up to about 30-35 em below
the surface and then formed a maximum in the root zone. Maximum flow resis­
tan~e values ranged about 5-6 fold the minimum values over a flow depth of
40-60 em. Flow resistance values below water surface increased and formed
a maximum with a peal< in the vegetative growth and then decreased with de­
cline in vegetation_ Prime growth values varied 2 to 3 times the initial
or decay time values in the root zone. However, in bottom rooted vegetation,
flow resistance increased with vegetative growth and during and after peak
growth period the values stayed high. Peak growth values varied 11/2 to
2 times the starting values near the water surface. The favorable effect
of increase in flow depth is completely masked by vegetation. This was
supported by the vegetation density values calculated at different depths.
The flow resistance values showed consistent curvilinear relationships with
vegetation density. Flow resistance values in general were higher than re­
ported for any overland flow measurements. The values were as high as 0.7 in
the root zone.

LANDSAT data can determine vegetation types. Accurate flow reta,rdance
coeffi ci ents depend on knowl edge of vegetation density and water depth.
Future efforts could be directed toward remote sensing methods of estimating
those parameters.
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5.4.1 Collection of Remote Sensing Data

5.4. 1.1 Equ i pme nt

In collecting the remotely sensed data for the lake volume measurements,
KSC utilized the following equipment.

a. Electronic Scanner: A Daedalus 05-1250 Scanner with two thermal chan­
nels (3 to 5 microns and 8 to 14 microns).

b. Ai rcra ft : Twin eng; ne Beechcraft C45H wi th 450 horsepower Pratt and
Whitney engines and a cruise speed of 160 knots. Range is 600 nautical miles,
ceiling is 12,000 feet and maximum useful equipment payload is 1079 pounds.

·5.4.1.2 Test Site Location

The test site for the development of the new volume technique was East
Lake Tohopekaliga near St. Cloud, Florida. The test lake was approximately
4j6 miles in diameter and is located at the following coordinates on the fol­
lowing quadrangle:

East Lake Tohopekaliga 81°17'30" W
28°17'30 11 N

St. Cloud North

5.4.1.3 Data Gathering Mission

A ground data gathering mission was completed on April 11 and 12, 1978.
During this time period three flight missions were completed using three ther­
mal scanner flight lines over the lake for each mission. The following are
the times and altitudes of the thermal flights:

Flight Times

April 11,1978 - 1500
April 11,1978 - 2400
April 12, 1978 - 0500

Aircraft Altitude

8,000 ft.
8,000 ft.
5,000 ft.*

BlackBody Range

60 - 78° F
60 - 78° F
60 - 78° F

*(Due to low clouds the aircraft altitude was lowered to prevent inter­
ference with the clouds.)

In addition to the scanner data acquired by the KSC aircraft,at KSC's
request the state of Florida Department of Transportation completed a photo­
graphic mission over the test side with color infrared film (Kodak 2443) at a
scale of 1:24,000 taken on April 4, 1978, at 1200 EST.

An instrumented boat was used on East Lake Tohopeka1iga for data collec­
tion from 1530 EST April 11 to 1530 EST April 12, 1978. Wind speed, wind
direction, and air temperature were measured at a height of3 m above the
water. Air from this height was sampled and pumped to a dewpoint hygrometer
to measure the specific humidity of the air. Water temperature was measured
at depths of 0.', 0.3, 1.0, 2.0, and 3.0 m in the lake and at 0.3 m in the
lake bottom with copper-constantan thermocouples connected to a multipoint re­
corder with an ice-point reference junction.
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Wind speeds were moderate to low. The mean wind speed during the period
was 3.0 mIs, with a maximum and mi nimum hourly average of 5.3 m/sand. 1• 7 mIs,
respectively. The wind was primarily from the south or southwest.

Oewpoint temperature was relatively constant during the observation pe­
riod. A minimum value of 15.6°C occurred at 1530 EST on April 12. The maxi­
mum val ue'of 20.6°C was roa i nt'a i ned between 2000 EST on Apri 1 11 and 0730 'EST
on April 12. The minimum air temperature, 20.8°C, was reached at 0530 EST on
Apri 1 12 •.

The mean water temperature at 10 cm below the surface was 24.9°C as mea­
sured by copper-constantan thermocouple, and the mean surface temperature was
23.4°Cas measured by radiation thermometry . The lake bottom temperature was
23. got'. '.. .

. Hourly ,wind spee'd, surface temperature, and net radiation are given in
tables in Section 5.4.3.4.2.

Our; ngJanuary and Febru'ary 1979, the South F1 or; da Water Management
District completed a set'of·grid (N - 5 and E - W) depth finder soundings on
the lake so that new bottom contour maps and stage-volume relationships could
be obtained. (This was accomplished since the only set of depth measurements
on thelakew~re taken by the U.S. Army Corps of Engine,ers, some twenty years
previous 'and did not represent the current lake bottom cqntours.)

5.4.2 Measurements o~ Volume, of East Lake Tohopekaliga

Bottom elevation contours of East Lake Tohopekaliga were available from
U.S. Army Corps of Engin~ersdepthmeasurements (Figure 5.4-1} with a shore­
line elevation of 56' fe~tmsl. The areas within each of.these contours were
computed usi~g a Hewlett-Packard Model No. 9864A digitizer system with a
Model No. 9830A Programmable Calculator. The volumes (V) were computed by
considering each l.,.;foot interval to be approximated by the frustrum of a cone.

(5.4-1 )

where;
(A A )1/2

2 1
II

A2 a. Ad"...• A... ,ar.. e. t.h.,.e..... top ...,and,.' ..bottom areas, res. pectively, of .the cont?urs of the
lake, depth lnterval, Z. 'Each of the volumes of the l-foot depth lntervals
were stJrlInedto g'lve cumulative lake volume. Table 5.4,..1 shows the areas and 2
volumes of water computed from Figure 5.4-1. The total area was 42.55 X 106 m
and the total volume was 116 X 106 m3.

lMention of proprietary products is for the convenience of the reader only,
and does not constitute endorsement or preferential treatment by NASA or the
University of Florida.



Table 5.4-1. East Lake Tohopekaliga areas and volumes at each contour elevation from Figure 5.4-1
and 5.4-2.

Elevation Data from Figure 5.4-1 Data from Figure 5.4-2
(ft) Contour Layer Cumulative Contour Layer Cumulative

Area Volume Volume Area Volume Volume
(X 106 ft2) (X 106 ft3) (X 106 ft3) (X 106 ft2) (X 106 ft3) (x 106 ft3)

57 472 462 4231 2
56 458 449 40962 (452) 1 444 3769
55 441 432 3647 (433) 423 3327
54 424 412 3215 (414) 405 2904
53 400 385 2803 (396) 387 2499
52 371 362 2418 378 362 2155
51 (353) 1 344 2056 347 332 1753
50 336 324 1712 318 303 1421

<.n.
49 312 298 1388 288 274 1118

...j:::a.
I

48 284 268 1090 261 234 844 '"
47 253 233 822 208 187 610
46 214 194 589 167 147 423
45 175 143 395 127 112 276
44 114 103 252 97 88 164
43 93 86 149 79 57 76
42 79 50 63 37 17 19
41 26 13 13 3 2 2
40 4 0 1 0

lValues ;n parentheses were estimated.
2Cumulative volumes computed from layer volumes, which were computed from equation 5.4-1. Total areas and
volumes in metric units were 42.55 X 106 m2 and 116 X 106 m3 from Figure 5.4-1 data and 43.85 X 106 m2 and
120 X 106 m3 from Figure 5.4-2 data. Average depths (from equation 5.4-5 were 2.72 m (8.94 ft) and 2.73 m
(8~97 ft) for the two data sets, respectively.
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The depth finder soundi ngs co 11 eeted by the South Flori da Water Management
District from seven N-Ssoundings on January 16-18, 1979, and from seven E-W
soundings on January 18-19, January 30-31, and February 6-7, 1979, wet:'e plotted
as an overlay on a 7.5-minute series U.S. Geological Survey topographic map

. (St. Cloud North Quadrangle). From this overlay, a bottom contour map at
l-foot intervals was drawn (Figure 5.4-2) by carefully estimating depths.
Cross-over points on the grid were usually in close agreement after slight lake
level corrections for the January 30-31 and February 6-7, 1979 surface eleva­
tion data. The elevation averaged 57.03 feet msl on January 16-19 and
56.68 feet msl on January 3D-February 7, 1979. No bottom contours could be
drawn from the 52-foot elevation to the 57-foot shoreline contour because the
soundings did not come that close to shore. The USGS topographic map gave the
lake elevation as 57 feet ms1. Since the outflow from the'lake is controlled
by a water control structure, this elevation is probably reasonably constant.
These latter bottom contours (Figure 5.4-2) appear slightly different from the
early East Lake Tohopekaligacontours (Figure 5.4-1), but certain similarities
exist. Table 5.4-1 also shows the bottom contour areas and volumes computed
from the January-February 1979 soundings. The total area was 43.85 X 106 m2
and the total volume was 120 X 106 m3.

Based on the earlier bottom contour data which covered only up to the
56-foot ~horeline contour, the lake appears to have decreased in volume by
about 8% below this 56-foot contour (from 116 X 106 m3 to 107 X 106 m3). How­
ever, the January-February 1979 depths were determined with respect to the
57-foot contour lake level. The volume of water in the lake (120 X 106 m3)
appears to have increased by about 3% due to a higher lake level. However, we
do not have any way of determining how accurately the contours were drawn.

The average depth for each of the volume determinations was computed from
the total areas and total volumes. The values were 2.72 m (8.94 ft) and
2.73 m (8.97 ft) for the contours from Figures 5.4-1 and 5.4-2, respectively.

5.4.3 Calculation of Lake Volume

5.4.3.1 Theory

The concept of lake volume measurement from satellite surface temperature
data is to predict lake volume from the energy balance of the lake. The dif­
ferential time-rate of change in internal energy of a column ;n the body of
water would be equal to the sum of the exchanges of all energy flux density
components. This can be written as:

Change in Internal Energy = Sum of energy flux densities

s
~ f C T(Z)dZ = Rn + H + tE + G

t 0

where Rn = net radiation flux density
H =; sensible heat flux to or from atmosphere
£E = latent heat flux to atmosphere (evaporation)
t = heat of vaporization
E = vapor flux to atmosphere

(5.4-2 )
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Scale 1:40,000
DATUM IS MEAN SEA LEVEL
~JATER LEVEL IS

57 FEET ABOVE .MSL

Figure 5.4-2. Bottom contours of East Lake Tohopekaliga based on
January-February 1979 depth finder soundings.



- 5.4-11 - ,

G ::: heat fl ux to or from bottom
T :;:: time
C = volumetric heat capacity of water
T = water temperature
Z = depth~

The equation can also be written in finite thickness element form over a given
time interval (integrated with respect to time) as:

n
E C(~T).~Z. = E (Rn + H+ ~E + G)

. 1 1 11= T

(5.4-3 )

where i = depth interval index of summation
n = number of depth increments

~T = water temperature change from initial time to final time (over total
time interval).

In general, the heat flux through the bottom of a lake would be small
compared to the other fluxes, so the term (G) can be dropped for simplicity.
Also since most lakes would not have uniform area from top to bottom, the
change in internal energy in equation 5.4-3 would need to be weighted by the
area of each slice.

n
-A' (~ C ~T. a. ~Z.) = E (Rn + H+ lE)

. 1 1 1 1
1= T

where A = total area
A. = average area of each depth increment.

1

The average depth, IT, could be defined as:

_ 1 n
D = -A ~ a· /:;.Z.. 1 1 11=

(5.4-4 )

(5.4-5 ).

and the total volume V, would be equal to A·D.

If the lake were well mixed so that it were isothermal with respect to
depth, and if the average depth were known, then equation 5.4-4 would simplify
to:

C /:;.T IT = E (Rn + H+ lE)
T

(5.4-.6 )

The average depth can be calculated if the areas at various depth incre­
ments, ai, are known. Bottom contours of a lake can be obtained from histori­
cal records or from depth sounding.

The form of equation 5.4-6 lends itself to analysis of lake depth and
vol ume from satell ite remote sensed data from knowledge of surface temperature
change over a given time interval, provided that the lake were well mixed so:
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thatt~mp~~~ture,s'tra,tifica.tion'wereeliminated or minimized. The change in'
internal 'e:nergycould 'be calculated from change in lake temperature as indi-
cated by changes ins,urface temperature. '

Net radiation could be obtained by satellite: as discussed in sec-
tion 5.6.2 .. 2 ,,1, but· over small lakes local measurements may be necessary. H
and R.Ecould be calculated from surface temperature obtained by remote sens-
ing •.

Hicks ( 1975) proposed a relationship for H, R.E, and the Bowen ratio,
l3 .i:: H/R.E, bas~don1y on water surface temperature ..

H = 4£ ri Ts
3S/(dl3/dTs )

R.E = 4' £ a Ts
3/(dl3/dTs )

(5.4-7)

(5.4-8)

where £ = water surface emissivity
" =Stefan:-Boltzman constant

T~;, = surface tem~eratqre, OK.

'. If"the ..a;rabovea water surface is saturated, then l3 may be expressed as
the ratio of ttlepsych,rometric constant(y) to the slope of the saturat'ion
specific ~umidity vs. temp~rature ~urve (s), where y is defin~d here as Cp/R.,
whereCp is the h~at 'capaclty of al r at constant pressure. Hl cks (1975)
suggested that a more "reaso~able fonnfor the Bowen ratio might be:

l3 = (K/D)(y/s)

where K=moleculardiff~sivity for heat
D = molecular <;Iiffusivityfor water vapor.

(5.4-9 )

. .

Bill (1978) fou"d>that equ,ation 5.4-9 gave better estimates of R.Efrom Orange
Lake, Florida, as determined ,from a sonic anemometer and Lyman-ahumidiometer
ifR.Ewere mult;pli~dby (U/Uo)nwhere Uo = 7.3 m/sand n = 1.36. Bill et al.
(1980) also suggested that a Ilfilm temperature, Ii If' e.g., a temperaturelnter ...
mediate b,etweena surface temperature and the bulkf1uid.temperature (see
Gebha'rt, 1971), be used ,to.calculate heat transfer and vapor transfer from
lakes. They found that equations 5.4-7, 5.4-8, and 5.4-9 could be lAsed if the
following'expression for Tf were substituted.

(5.4-10)

where.T1Q is the air temperature at a height of 10,m~

5.4.3~2 Volume of East Lake Tohopekaliga from Remote Sensed Surface Tempera­
, tures.

Three thermal scanner f1 ight scenes over East Lake Tohopekal iga were ob­
tainedandprocessedas70-mm color coded film strips at 1500' EST on April 11
and at 0030 and 0500 EST on April 12. Due to low clouds at 0500 EST on
Apr;' 12, the surface temperatures appeared very· 51 i ght1y wanner than at
0030 EST so these data were not plotted. The thermal scenes obtained' from lOF
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intervals of surface temperature were extracted and plotted as isotherms on
East Lake Tohopekaliga (Figure5.4-3). Flight lines are also drawn on
Figure 5.4-3. The surface temperature decreased from an average of 73.5°F to
712°F from 1500 EST to 0030 EST. The summation of flux energy was -0.54 call
cm~ over this period and -1.76 cal/cmZ over the 1500 EST to 0500E5T period.
From equation 5.4-6, this would yield depths of 0.4 m to 1.4 m for the early
period and total period, respectively. Obviously, this is much too shallow
based on the computation of about 2.7 m for the average depth from the real
area and volume calculations (Section 5.4.2). Most of the difference in sur­
face temperature between the two times was due to temperature decrease ;n the
surface layers of the lake. From temperature profile data collected within the
lake, we knew beforehand that these volume computations would be inaccurate be­
cause the mixed, isothermal conditions were not met. These conclusions led to
the development of a stratified lake model.

5.4.3.3 Lake Volume Model (LKVOL)

Calculations of mean lake depth from two sets of surface temperature data
in ~he previous section (5.4.3.2) gave a value that was much too small (0.5 m
to 1.4 m). Inspection of temperature profiles within the lake showed that the
lake was thermally stratified with the water temperatures near the surface be­
ing much higher during the daytime hours due to solar heating. Hourly average
wind speed during the period 1530 EST April 11 to 1530 EST April 12 ranged from
5.3 to 1.7 mis, and averaged 3.0 m/s. This wind speed was too low to maintain
adequate mixing in the lake. Therefore, a stratified lake model was developed
to predict lake depth and volume from measurements of internal energy change
and total flux energy exchanges as described by equation 5.4-4, which is simply
solution of the energy balance of the lake. The total internal energy changes
were computed by incrementing lake depths, and the total surface flux energy
exchanges were computed by incrementing increasing surface areas.

5.4.3.3.1 GeometryCalculations

The energy balance method used here requires some apr;ori relationship of
lake contours, surface areas, and volumes. This is because as the lake depth
is incremented from the bottom upward, the surface area increases giving rise
to an increased flux of energy (i.e.~ flux density x area x time) and an in­
crease in volume giving rise to an increased stored internal energy. A fair­
ly accurate relationship between area and volume was needed.

An examination of the contour maps of East Lake Tohopekaliga (Figures 5.4-1
and 5.4-2) suggested a simple truncated cone model (frustrum of a cone). Cross­
sectional areas as a function of elevation are shown in Figure 5.4-4. These
data were then fitted to a truncated cone model and the parameters ro (bottom
radius), Ro (top radius) and 0 (depth, or equivalently apex angle) were deter­
mined. The values used were 1840 m, 3680 rn, and 5 m, respectively.

Results of the fit are shown in Figure 5.4-4. The fit is qu.ite reasonable
near the top (where the water level usually is), but it deviates notably at the
bottom. This deviation at the bottom will cause only small errors except in
extreme cases of ver.y low water levels. In the fitting procedure, the param-

. eters were chosen to reproduce the true volume as determined from the contour
map for a full (i.e., depth = D) lake. This would f~rther minimize errors.
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5.4.3.3.2 Lake Volume Model Description

Temperature, wind speeds, and net radiation measurements made on East Lake
Tohopekaliga during April 1978 are used to estimate.the lake volume by equating·
time-integrated fluxes of latent, sensible, and radiative heat to internally
stored energy .. The fluxes of sensible and latent heat are estimated via the
model of Hicks (1975) as modified by Bill (1978). Modeled net radiation is
used for one estimate using sun, sky, and surface radiation equations and, in
another, the measured net radi ation is used.

Internally stored energy is calculated with the truncated cone geometry
and with the temperature profile function of Sutherland (1980) in order to
account for thermal stratification.

A FORTRAN program (named LKVOL) was written which increments the lake
depth until the flux energy and internally stored energy are equal. This was
done in two ways, one which summed over a 24-hour period to give one single
depth determination, and another which predicts lake depth based on the flux
energy exchange and the internal energy change over each hourly period.

The lake volume program is attached as Appendix (I).

The input data for LKVOL include top radius {TR),bottom radius (BR),
height of the truncated cone (He), 1ake bottom temperature (T8), 1ati tude
(XLAT), solar declination (DEC), atmospheric attenuation coefficient (ATT),
equivalent blackbody sky temperature (TSKY), hourly wind speed (U), hourly
surface temperature (ST), and hourly het radiation (RN). The .program has the
option of computing net radiation from hourly surface temperature, equivalent
blackbody sky temperature, and modeled solar radiation if net radiation is not
given. The sensible heat flux and latent heat flux are calculated hourly from
surface temperature and wind speed based on equations 5.4-7, 5.4-8, 5.4-9, and
(u/uo)n as described in Section 5.4.3.1. Sensible heat fluK, latent heat flux,.
and net radiation are then summed for each hour to give the flux energy to or >

from the lake. These input data and derived data are printed as output.

Internal energy stored is calculated hourly -for the truncated cone model
geometry and with the sinusoidal temperature profile function of Sutherland
(1980). This function has lake bottom temperature and lake surface temperature
as boundary condition values. Lake internal energy is calculated hourly by
integrating the analytical temperature profile function.

Effective depth of the lake is calculated by determining the depth at
whi ch the internal energy change waul d bal ance the fl ux energy exchanges at
the surface. This is done two ways. The first way requires that the sum of
both flux energy exchanges and internal energy changes over the period of input
data (e.g., 24 hours) be computed for each depth increment (upward direction).
The internal energy changes will be a function of cumulated lake volume~ and
the f1 ux energy exchanges wi 11 be a funct ion of i ncreas ; n9 surface area of
the truncated cone mode1. When these val ues are equa 1, the effect i ve depth,
0, of the lake will be known.

The second method computes effective depth from hour.ly flux energy ex­
change and ; nterna1 energy change. The program computes depth and vo] ume for
each hourly calculation.
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5.4.3.3.3 Summary of Equations

The equations used in the model to describe cone geometry, to predict
fluxes of H~ tE, and Rn, and to compute internal lake energy are described
below.

5.4.3.3.3.1 Truncated Cone Geometry

For the truncated cone geometry with height Z measured from the bottom
upward~ the cross sectional area at any height Z is:

Z
r = r 0 + IT (Ro - r0 )

r = bottom radiuso
R = top radi us
o

D = he; ght

A(Z) = rrr2 (5.4- 11 )

ro ' Ro ' and D are fixed numbers estimated from contour maps (Figure 5.4-1).

The volume for any height Z is:.

(5.4-12)

(5.4-13 )

€ = lake surface emissivity (= 0.98)

o = Stephan-Saltzman constant (= 0.813 x 10-10 cal/cm2 °K4)

T = lake surface temperature (Oe)

B = Bowen ratio

U = wind speed (m/s)

U = parameter (7.3 m/s)
o

-0 = parameter (1.36).
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The Bo,wen Ratio is calculated as:

s = (KID) f
(KID) = ratio of t~erma1 diffusivity and water vapor

moledular diffus;vity ('= 0.84)

y = psychrometric constant (= 6.58 x lO-4/oK)

s = slope of the saturation specific humidity (qs) vs.
temperature curve (dqs/dT) with qs calculated as
(Fleagle and Businger,1963):

0.622 e
qs =' .· .. 0 -(t/R)!

Po e T

Po = ambient air pressure (1.013 x 106 dyne/cm2)

I/R = ratio of latent heat of vaporization to specific
gas constant (= 5.327 x 103 )

e = parameter to best fi t in 20-30°C range (eo =
o 1.82 x 1012 dyne/cm2)

with proper substitution then:

dQs 1 qs
s =dT =RT2

~~ = - S2 [(1/R) - 2T]
T

(5.4-14 )

(5. 4-15)

(5.4-16 )

(5.4-17 )

Equations 5.4-11 to 5.4-15 are used to calculate the latent heat flux and
Bowen ratio. The sensible heat is determined from

H= B IE ( 5.4-18)

The net radiation, RN, if not measured, is modeled as a contribution from
the sun (SUN), incoming thermal radiation from the sky (SKY), and outgoing
thermal radiation from the surface (SFC) as:

SUN = Q Xe -al x (5 .. 4- 19 )o
Q = Solar constant (= 2.0 cal/cm2 min)o
a = atmosphere extinction coefficient (~0.288) and X accounts

for diurnal movement of the sun calculated as:

x = sin(lat) sin(dec) + cos(lat) cos(dec) cos{ha) (5.4-20)
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1at = geographical latitude of lake (degrees)

dec = solar declination (degrees ~10° in April)

ha = hour angle of sun measured from solar noon
360°/24 hrs = l5°/hr

(Actually, over water the solar radiation input should be corrected for an
albedo of about 5%.) .

SKY = oT~kY

where Tsky is equivalent sky temperature (~ -10 °C clear; ~ +10 DC cl~uds)

4SFC = EaT

where the terms are the same as in equation 5.4-13.

RN = SUN + SKY - SFC

(5.4-22 )

(5.4-22A)

(5.4-23 )

5.4.3.3.3.3 Temperature Profile and Lake Internal Energy

The temperature profile of the lake is fitted to the surface (Ts ) and
bottom (Tbot) temperatures with the following function:

rr
2

rr
2

T(Z) = (Ts - T1) + T1 [s; n (40) + cos (40)]

where 0 = depth of lake (to be found by iteration) and:

T1 = (Ts - Tbot )/[sin(IT/4)] (5.4-24)

Z is the vertical coordinate measured upward from the lake bottom.

The internal energy of the lake is found by integration along the Z
coordinate:

(5.4-25 )

4T1D 2 2
E(D) = C [( Ts - T,) V(D) + - (166 X - 86R y + R )]IT 0 0

(5.4-26 )
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where !:i = Ro - r

x = ncos{TI/4 ) - 2

y = 2cos(rr/4) - 1

5.4.3.4 Results of Lake Volume Model

5.4.3.4.1 Program Output Description

Table 5.4-2 is a copy of the output of the program LKVOL which was written
for this study. In this particular case, 25 hourly data sets (i .e., surface
temperature ,wind speeds and net radiation) from 1530 EST on April 11 to
1530 EST on April 12, 1978, had been entered. The output shows:

Column 1 depth increment in upward direction (meters)

2 calculated surface area at this depth

3 calculated volume at this depth

4 internal energy change over the entire
24-hour time period in calories per hour

5 time integrated fluxes (x area) for
24-hour time period in calories per hour

6 differences between column 4 and 5.

. The other 24 one-element columns show the depth of which the energy bal-
ance was obtained for the individual hours (*means balance is negative; 1 means
positive). The depth determination is made by noting the depth at which the
difference (column 6) changes sign and the balance depth is estimated to the
nearest 0.1 m (often the halfway point between the depth where the sign
changes). In this case, the depth was 5.1 m ~ 0.1 m (16.7 ~ 0.3 feet) for the
summed 24-hour data.

The depth determinations at the bottom of the printouts are the individual
hour determinations, essentially the same information as the last 24 columns
above.

The average depth printout is based upon the individual hours and gives
an idea of the spread in error of the hourly calculations. In this case~ the
average depth was 4.6 m~ 1.4 m (15.1 i: 4.6 feet) which corresponds to 32. 7!:.
14.6 billion gallons. In a perfect case, we would expect all detenninations to
agree. It should be noted from Table 5.4-2 that some of the data do not allow
for a depth determination. These are the unrealistic cases where net incoming
(outgoing) flux energy is accompanied with a decrease (increase) in internal
energy and simply indicates errors in either measurements or flux model in9.
In the program, these cases are ignored and eliminated from further computa­
tions.
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Table 5.4-2 Output of lake volume model for test case. Wind from second
data set and temperature from first data set.

FINAL f<ESULT S
VOLCIoIlCU) IEDEPTH AREA(~SQ) FE

0.20 O. It Sf: 08 O.221f: 07 O.480E I I 0.946£ 1? -{l.P981:. 12 •• ! 1 1111 i 1.1 t ! 11 *........
0.40 0.124E 06 O.lf.oO( 07 O. JOn: 12 O.102E l.l ··0 .. ~Jt DE 12 •• 11.1111111 11 111* .......*.
0.60 o. t33E 08 O.7IRE 07 O.lblE 12 () • 1 lOr:: Ll -C.t;J6E I.e •• 111 t II 111111 11 •• "" ......
0.80 0.143(: OH O.Q94E 07 O.. 2?7E 12 o to 1 \ i1E L\ -O.c;SOE J 2 •• 1111111111111'·····•• •
1.00 D.IS1E Of! 0.1C:!9E 08 0.2Y<.JE J2 0 .. 12 <:E 1-.3 _. c. 960E 12 ··11111111111111 ••••.... •
1.20 0.164E on O.tolE OB 0.378E 12 O.134E 13 -o.~eeE 12 ... III III 1 t 1111 11* **** •••
1.40 0.174E oe 0.194t'. 08 O.464E 12 o • 143f.: 13 -n.9tJ9E 12 ... :atl111111111Itl •• • ......
I.M} O.leSE 08 .O.2JOE an O.!:l57E 12 0.1 t: 21:: l3 -C .. '.';66E 12 ••• 111111\11111'.···*·*·
1.80 0.191E 06 O.?6C'>E 06 0.o5/He: I~ 0.102.£ lJ -O.Q60E 12 4o" *1 II 11 I 11 11 I 11. +: ~......
2.00 0.208[' 08 0.309E 08 a.l6oE 12 0.171t:: 13 -0.948£ '2 ••• 1111111111111 ••••••••
2.20 O.ZZI£: 06 0.352£ ~'3 0 .. a8JE:: 12 O.lBttS 1.) -0 .. <;.JU':: 12 •• *1111111111111 ••••••••
2.40 0.233E oe o. 3q 1£ 08 0.101E 13 0.192[ 1~J -O.SOBE 12 * It. 1 t1 t 11 III 11 II •••••*. I
2./10 O.246E 08 0.445£ 08 0.1 llf.E 13 0.202f: 13 '-0. eHoE 12 " •• 1 11 111 t 11 11 11 .......* I
2.60 0.259£ 08 0.496E 08 O.IZOE 13 O. 2.1.1~ 13 -0. €46E 12 • •• 1 11111 1111111. **•••• I
3.00 O.212E OS 0.5'.9f. 06 0.J43E 13 0.224f: 13 -0.R06E 12 ...... 1 tit 11 l' tIll 1 * **•••• 1
3.20 CJ.266E 08 0.6\)5£ 08 0.15~E 13 0 .. 235E 13 -0. i'59E 12 • ** 111 II , 1111111. *.*••1): I
3.40 O.Joot: 08 0.663£ 08 0.176E 13 O. <'!4 7E 13 - O. ·/05E 12 ..... 1 I III I 11111 1 1*.**-**. I
3.t.0 0.3ISt:: 08 0.7? SF. 06 0" 1 <..i4E 13 0.259fC: 1:i -0.644E 12 .* .. 1 t 111 I 1111111 ••****.1
.J.60 o. 3.?9 r- 06 O.7ti9E DR O.21JE J3 0.2711£ 13 -0.S76E 12 *.* 11111 11111111 ••*•• ** 1
4.00 0.34S[ 08 ·0.857E 06 0.233£ 13 0.203': 13 -0.50 IF: 12 ... ,t I 1 II J I 1111111 .. *.~.** I
4.20 0.J60f: 08 0.9271.: OR 0.254E 13 0.296E l::t -O.411E 12 :$"'.1 11 11 IIIlll n .. * *.*11 1
4.4\) o.:n6E OR O.IOOE 09 0.271E 13 0 .. .3096 13 -0 .. J26E 12 ... *11 Ill. 11111 1l"" '** 11 I

'. ~." 60 0.J97.E 06 O.t08E 09 0.300E 13 O.322E 13 -O.2:?6E 12 .. *.. 1 I 1 1*" 11 1 Itt 1 .... 1** 1 I I
4,,80 0.409(: C/O 0.116E 09 0.324E 13 0.3361: 13 - O. lISE 12 ..... I 1 11. * 1 1 1 I I 1 1*" I ".11 f
5.00 O.~25E 08 O,,124E Of) 0.350F- J3 0.~150E 13 -O.Cl90E 09 •• :(>lll***.tlll1Hlt.I*.111
5.?0 0.443E 08 0.133E 09 0.316E 13 o. J64E 13 O. l25E 12 .*"111*.*"1111l1**1**111
5.40 0.460f 08 0.11'+21:. 09 0.404E 13 0.-378E IJ 0.261E 12 .**11.**.>t.Ull11**U.Ul
5.bO O. '.7 SE 08 a.151E 09 0.4.14E 13 0.393t: 13 0.406E 12 ,*".1 J I ••••• ! 1'1 t 1 .. t I •• I • I.
5.60 O.496'E Oil O.lOIE 09 0.4f>4E 13 0.40 BE 13 O.501E 12 *~*11··"**·\1111.111*111

6. 00 0.S15E Oil 0.171E- 09 O.496t.i: 13 0.423E 13 a.12bE 12 J'r" I/< 1 I ........ ** 11 1 I 1* 1 1 .. til
6 20 0.534E 08 O.ld2E: 09 0.57.9E 13 O .. 439E 13 O.901E 12 .... 11 ....... 11111 *1 t 1*.11
6 40 0.~53E 08 O.192'E. 09 0.563E 13 O.455E 13 O. I09E 13 .f: ...... *1 .* .. * **1 til I. .. 1 .t 1 .. il 1
6 60 O.57?F. 08 o.. :~ ')f.t: 09 Q .59;)€: 13 0.'.71E 1':'\ a.128E 1.3 **.· ••••••1;.1111\-.\11*111
6 eo 0, 59? E O!1 () .. 21':lE 09 O.6.JbE 13 o. ·'l.e 71.; 13 o. t,~ 9E 13 **.*t4<***t*1111J.*'.1111J I
1 00 0.oI3€: 08 0.227E 09 O.675E 13 0.504E 13 O. 111E 1 ~ .... If *' ..... *' ** 11 1 1 •• 1 1 11 II 1
7. 20 O.63::JE 08 0;"240~: 09 0.715E 13 0.52 IE 13 0.195E 13 ..... ···*··.·+11111.1111111
7 4-0 0.6~4E 08 0.253):: 09 0.756E 13 0.S3eE 13 C.219E 13 •••••******11111*11111tl
1, f)O i'>' 675E OR 0.266':;: 09 0.799E 13 0.555E 13 O.?44E J3 ••• *.**.***11111* Jl1111\
1 ,DO O.697€ 06 O.ZBo: 09 0.841+F- 13 Oll';)7.)E 13 c. 27t E 13 ... :to*."*•• ".ll!ll* 1111111
8 00 0.119E OB 0.29 .. :: 09 0.890E 13 0.591E 13 o. ;~99E 13 ...... *.**** ** 11 tIl" 1 11111 1
8 zo O.141E ce 0.308'~ 09 0.93BE 13 O.l"llOE li~ O.329E 13 ........ "' •••• U\11*1\1l111
£, 40 O.764f 06 0.323': 09 0.981lE 1.3 O.62SE 1.\ O.. J59E 13 ** •• ¥.*$*U;III.lJ"~ltttltl
a 60 O. 767 F.- 08 0.339: 09 0.104E 14 0.647E 13 0.:391£ 13 ••• *.****."'1I1lt* 11111 U
8,030 O.dIOE 08 0.355; 09 O.I09E 14 0.666E 13 0.425E 13 ,. .... **....... ,. $11 \ r 1* 1 t 11 1 1 1
9 00 0.<J34E 08 o. J (' I':: 09 0.115E 14 O.6d6E 13 0.45<:)1;: 13 •**......«....... 1 til 1 * 1 1 1 1 1 1 1
9,20 O.85ef 08 0.38fL:: 09 0.12iJE 14 0.705E 13 0 .. 1.96E J~ ............ 11111*1111111
9 40 0.882E OS 0.406:: 09 0.12oE 14 O. '125E 13 0 .. 53;5E 13 •• ~**"****"'1l111* 11 JIll t
9.60 O.9Q7E 08 0.42.41: 09 0.1:32F. 14 0.746E J3 o .E72E 13 ••• ***"'*••"'111 u* 11l1l11
9. eo 0,,~32E os O.44?' .:: 09 0.13tH:: 14 0.766€ 13 0.613E 13 1.. t4:·· ......'·f:lll1 •• 1111111

10 .. 00 0.951E oe 0.461:: 09 0.144E 14 0.1B1E 13 c. f55E 13 • '* '* ...........*1111 1 * 111111 t
10.. 20 0.QH3E 08 0.480E 09 0.151E 14 o .soaE 1,3 0.699E 13 ., *..... ** ... 4: •• 11 1 t 1* I III 1 I I
10.40 O.IOIt: 0<.1 0.500E 09 O.157E 14 0.030£ IJ 0.744[Z 13 '* ~ ...... ,.. ......4 II I, 1.* 1 1 II 1 1 1
1 (1.,(; 0 0.104F. 09 0.521:: 09 O.164E 14- 0,,3511: 13 O. 791E: 13 "* .. 4< .... **.......* II II 1 * 1 111 II 1
10.,00 0.I06E 0<; 0.54?;'; 09 0.t71E 14 0.01 JE 13 O. e40E 13 ••••••••• ·.il1It*1111111
11.00 O.109E OQ 0.56 J;;: 09 o. I 7'JE 14- o. tY'>ct: l3 0.890e 13 .·(t· .... ·*.**·11111·1111111
11 .~o 0.lt2!: 09 0.585:: 09 0.186E 14 O.9tee t3 O.S42E 1:: ..........*.... 11111.1111111
11.40 0.1 t 4E OS 0.60d·~ 09 0.194E 14 0.9411:. 1 ;:1 o ,,<,i<J61:t 13 •• **•••*.*.11111* 11 J 1111
11",60 0.111E OS 0.6311::: 09 0.202F.. 14 ·0.964F.. 13 a.lOSE 14 .........*... *.~ 111 11 ., 1 11 111 I
11 .. 60 O. 120 E 09 0.6551: 09 0.210E 14- 0.981e 13 0.111E 14 •,. ...... *' -*., ...... **" 1 I II I" I I 1 1 1 1 J
12.00 o. t 2. 3E 09 0.6/9!: 09 0.21dE 14 O.:OlE 14- 0.117E 14 ........ tit ,. .... *•• I I 1 I 1 • 1 A. 1 1 1 1 1
12.20 O.126E oe; 0,7041; 09 O.226E 14 O.103E t4 0.123E 14 .lIo *** *0*. "'*11 t • t. 1 I III 1 1
12. ~ 0 0.12<ile 09 0.1291: 09 O.2.J5E 14 0.106i:: 14 0.129E \4 ~ ........*** ** III 11 * 1 111111
12.60 0.132E 09 0.7551: 09 0.Z44E 14 O. t 08E 14 0.136E t4 .,. ............... t 1 111 • 1 111 11 1
12.60 0.135£ 09 0.1B2E 09 0.2~3E 14 O. II IE U O.142E 14 -t ........ * .....*. 11 I • 1" I 1 J 1 1 1 I
.3.00 0.13dE. 09 O. AOQf: 09 0.262E 14- O.~13E 14 0.149E 14 .-.**."$•••11111* 1111111
'3. ::!O 0.11\,1£ 09 O.8J,7E QC) 0.272£ 14- O. 1 1 f.E III O.l~~E \4 l,

r f-·.· ••··* ..!<11111*\111111
13.40 0.144E 09 o .866E 09 0.282E 1 ... 0.116E 14 O. Ib.3E 14 4; ~ ....*....$." I I lIt * t 11 l 1 1 1
13.60 0.147E 09 O.895E 09 0.292E )4 0.J21E 14 O.lIH:: 14 .~",".$.**."*1l111.1 ill lit
13.60 0.150E 09 O.925E 09 O.3i.l 2P. 14 0.124E 14- O. 118£ 14 .. (t ... 4< ., *......... 1 1 1 11 ,;,,: 1 1 I 1 1 1 I
14.00 0 .. 154E CS O.955E 09 0.312E 14 0.126E 14 O.IOeE 14- *~* ••• *.*•• tU1t.lIH llt

DE Pl H «ME TEf/ S J 0.00 0.00 1.10 6. 10 6.70 5.50 4.70 4.:'lO 4.10 4,,70
5.;50 0.00 0.00 0.00 0.00 O.Ou J.OO 5.JO 4.10 5.50
th 50 3.90 3.90 2 .. 10

VOL (Xl 0-9GAL J 0.00 11.00 3.82 46.55 55.32 38.69 21if.51 ~5. 45 23.55 29.51
36.25 0.00 0.00 0.00 0.00 0.00 0.00 36.25 23.55 3B.5?
52.29 21.13 21.73 d. 13

AVERAGE OEPrH= 4.6 ST DE\'= 1.4352
A\lG VOL: 0.307£ I 1 +- O.t17E I 1 GAL

16 VALID 'iQURS
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Figure 5.4-5 is $imply a plot of the program output demonstrating graphi­
ca11y the workings of the program and the geometry, of the 1ake model. It'
shows'that flux energy exchange increases more slowly than internal energy
change. The crossover poi nt i ndi cates the predicted depth of the trunca ted
cone model ,lake. '

5.4.3.4.2 Model Predictions for Lake Tohopekaliga

Data from the Tohopekal i ga experiment of, April 1978 were reported in two
foms; one being the Bill (1978) report and the other edited set being through
private communcations with R. G. Bill, specifically for the hourly average
inputs to the lake volume model. The Bill (1978) data contained wind speed
and lake temperature profiles, but did not contain lake surface temperature or
net radiation. For this reason, 10-cm depth lake temperatures from Bill (1978)
were used for surface temperatures and net radiation was estimated by modeling
(Section 5.4.3.3.3.2) . This led to two data sets. The first data, set (Bill,
1978) consisted of 1) unedited wind data at a height of 3 m, 2) water profile
temperature data at 0.1,0.3, 1.0,2.0, and 3.0m, arid lake bottom temperature
atO.3 m, using copper constantan thermocouples, and 3) no net radiation. The
second set of data consisted of 1) edited hourly average wind data, 2) surface
temperature data from a Barnes Model No. PRT-5 precision ragiation thermometer,
and 3) net radiation measured with a Swissteco Model No.S-l net radiometer.
The first data set was used in the lake volume model determination shown in
Table 5.4-3~and the second set used in the predictions shown in Table 5.4-4.
(The precision radiation thermometer surface temperatures agreed better with
the aerial IR scanner scenes (FigureS.4-3) than did the thermocouple data.)
The "a" portions of Tables 5.4-3 and 5.4-4 show. the flux estimates and the
lib" portions show the volume determinations. (To obtain correct EST for the
TIME lists in the "all portion of the tables, 12 hours should be added to each
value. If the resultant value exceeds 24, then 24 hours Should be subtracted.)

In Table 5.4-3b, the volume by the surrmed method yielded a depth of
4.8 + 0.10 m(15.7 t 0.3 feet) while the hourly results were 4.3 + 1.6 m
(14.1 + 5.2 feet) wTth 17 realistic hours. In Table 5.4-4b, the results were
2.3 tij.10 m (7.5 ~ 0.3 feet) and 2.4 ~ 1~8 m (7.9 + 5.9 feet), respectively
with-23 realistic hours. The disparity in the results immediately suggested
that the calculations were extremely sensitive to net flux determination as
would be expected.

The depths computed in the output of Table 5.3-3 were the ones mas t
similar to the actual lake~ The area and volume (40.9 x 106 m2 and 116 x 106
m3) correspond closely to the actual measured values reported in Section 5.4.2
(43.85 x 106 m2 and 120 x 106 m3, respectively). The area and volume of the
computed output of Table 5.4-3 was 22.7 x 106 m2 and 37.4 x 106 m2, respec­
tively. These latter areas and volumes are much too small compared with real
values. This finding was unexpected, since the modeled net'radiation in
Table 5.3-3 were probably unrealistic (too large) compared to the measured
values in Table 5.3-4.

5.4.3.4.3 Sensitivity Analysis

A sensitivity analysis was then performed in an effort to determine the
cause of such disparity and to determine the most significant parameters and
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ca., ,~~"Up~t' parameters J data J and fluxes from fi rst data set
for'East La~eTohopek~liga volume calculations.

~4. .9 ?4 .. a 24.7 24.6 24.~ ;:'4.4 24.3 :'4.2
24.2 24.2 24.4 ;'4. D 25.2 ~5.6 ,26 .. ? ,:'(i • 7

O.()OQ 0.000 0.000 0.000 0.000 O. (0 1) 0.000 l'l. \H)~

J.OOO O.JOO ).).000 ). )00 0.000 0.00.) o. :HH)' o. vi.).)

25.0
~4.2

8.500O.23't
2.,3 ?l>
2.1 1.4

~.C100

2.0
2.4

Z<J.OOO
2.2 2.1
3.3 3.(,

0.000
2.'J.90~

2.5 2.4
4. .~l 5.1

'20
5.0(lO

2.6
4.,4

INPUT OATA
25 ':;1 .1 70

3680.000 1840.0 elo'
3.2 3.0 2.4# 2.R
3.0 3.3'" 3.7 4.1
1.0

25.8 25.5 25.3
24.2 24.~' 24.2
27.3

0.000 C).OOO 0.000 0.600
o~ooo o.ooq ~.ooo 0.030
0.000,

TS
25.8
25.5
25.3'
~5.0
24.q
24.0
24.7
24.6
24.5
24.4
24.3
24.2
24.?'
24.:?
24.2
24. :~

24.~
2.4.2
24.4­
24.ti
25.2
25.6
~t).2

2f?7
27.3

NE1­
0.6,:>3£ 00
O.?"'i7E 00'

-O.5:J4C-Ol
-O.t2df::OO
-0.127E !)O
-0.\27r::: 00
-O.126E 00
-0.12 r)E 00
- 0.12 4E 00
-O.I:!:W 00
"'O,1?2r. 00
-0.l22E 00
-O.":.!2E 00
- 0.12 21:: 00
-O.122.F 00
-0. ,*') 1[-0 1

o.cooe: 00
;).(,17£ 00
0.'H5P. 00
a.ll:JE 01
O .. 1.:'!4E 01,
0.123r::: 01
0.112E 01
1),,!'';6E 00
o. ~-):;) ot:: 00

.~ . RADIATION f:LUXES
Tr'~E SUN

l.5 0.138(; 00
4.5 0.38ge 00
5.5 O.724E-Ol
6.5 O.OOOE 00
7.'5 O.OOOE 00
0.5 O.OOOE 00
9.5 O.OOOE 00

10.5 o.ooo'! 00
11.5 O.OOOE 00
12.5 O.:')OaE 00
13.5 O.OOOE 00
14 ...50. () ~OE 00
15.5 o.ooot: 00
16.5 0.0001; 00
17. S O.OOOf: 00
J 8 ... 5 o. 724E-0 1
19.5 0.:3139E 00
2a.~ O.7J8E 00
21 ..=; 0.104£01
22.5 0.126E 01
23.5 0.J37E 01

0.5 0.137£ 01
1.5 0.126£ 01
2.5 O.104E 01
3.5 0.738E 00

NET r:LUXES
TIME ws

3.5 3.2
4.5 3.0
5.5 2.9
6.5 2.8

'7.5 2.6
8.5 2.5
9.5 2.4

10.5 2.2
11.5 2.1
i2.5 2.0
13.5 2.3
14.5 2.6
15.5 3.0
16.5 3.3
17..53.7
IR.5 4.1
19.5 4.4
20.5 4.8
21.5 5.1
22"5 3.8
23.53.6
0.5 2.4-
1.5 2.1
2.5 1.4-
3.!> 1.0

SF:C:
-Qe;~~6;! '00
-0.'634[! Oil
- 0.f>3Zt:: 00
;,. O.6:-H)E 10
-O.62C)C 00
- I) .62!3E 00
-o.() 27E 0:)
-O.526r: OJ)
-0.62'3£ 00
-O.lS?SF. O~

-0.6~4F.: 01')
';"".623~ 0:>
- 0,; f> 2 Jf: ''>-:>
-O.62J~ 00
-J. ();! 3t": OJ
- n .r,ZJE 00
-0.023F. 00
-O.f)2Jf: 00
- 0 .62:"E 00
-0.620£ 0)
-O.(lJ1f: 00
- 0.6J5E 00
-a.61~OE 00
-0.1)44'::: 00
- U .649E 0"

H
-0.0524
-0.0478
-0.0455
-0.0431

,-O.03Q9
-0.0366
-0.0348
-0.0309
-0.0289
-0.0270,
-O.03~6

-0.0385
-0.0467
-0.0532
-0.0621
-0.0714
-f).0786
-0.0885
-0.OCi65
-0.0651
-0.060<1
-0.0353
-0.02-)1j
-0.017:1
-0.0111

SKY
O.SOlE 00
O. 5Jl E 00
o ~/;jOl E on
i).501E 00
0.501£: 00
0.501E 00
0.")01': 00
0.501£ 00
a.SOlE 00
O.~Olr: 00
0.501E 00
".":i 01 r::: 00
0.<)01::; 00
O.SOIF. on
o.son:: 00
O.'iCll! 00
\).~.OlC 00
1).501:: tiO
O.";\11£: 00
O.5Qlt: 00
o.:>o:u:: 00
0.501(:' :)0
0.:»01£ ':>0
0.501f-, 00
0.5011: 00

u::
-0.11i3
-0.1~ :4
-0.0')'2
,-0. ·')9 It;;
-O.OB 6
-0.07>6
-:J.01 ~1

-O.06.()
-O.05l:3
-l"O'i,l
- O. 06) 2
- O. 0" ,0
-0.09.:J
-1).10'4
- J.l 25
-O.\·\~3

-nel~~8
-O.17'ig
-0.1-;":9
-0.11 :·1
... O.1~j7
-0.07' i9
-O.06-,fi
-0. t) ~\)~

-0.02(. '}

RN
0.6030
0.2570

-0.0584
-0.1282
-0.1274
-0.126'3
-0. 125"'
-0.124'1
-1).1241
-0.l,23?
-0.)223
-0.1215
-0.1215
-001215
-O.l2)!;
-0.0491

0.2679
0.6\65
O.Q152
1.1?Hf>
I • ~3 R4
1 • ~ ~ 50
1.11(',7
0.11156
0.5902

FNET
0.1\ J';),"i
0.1056\

-0.?'OI2
-O.2(,:!?
-0.247Q
-O.':!40?
-0 .~32f;'

-o.;n c;4
-0.212.3
-0.2'151
-'O.??11
-O.r~:J7l)

-O.2r,?S
- 0.2.121
-0.1091
-0.204A

0.0 JOf>
o ._~4 /r~

0.621 t'
:;'.9277
1.047~

1.P!:'fJ
1 • 0 ~o 1
O.81~r.,
O. !j e;;:.q
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Volume calculation results.

F' I NAI RF.Sut T<;
VOL f ~~CU)OEPTH Af?b\ ( \.t'iO' IE n:

0.20 o. , 1 ~i'~ OR 0.221 E 1)7 C.4AOF 1 1 O.909F. t 2 - 0 • Pof, 1 r: 12 .111111111111111 •• ** ......
0.40 .Q.I~f.lr: O~ O .. I\r',I)C 07 0.11')2~ 12 o. q~l ()C 1 ? -I) • fi 7EiE I? * lit 1 11 1 11 1 I 1 1 1'1 .. ~ ..... *..
0.60 0.1 "' ~f 09 0.71 1:',1: 0'7 ~>'l(;lr 12 () • t cj'if-=: 1 :3 - o. A<}jE 12 **1 1 111 1 11 1 11 1 11 11" .... * ••
0.80 O. 1 ~]F ,)6 O.994E 07 O.~~7r. 12. ,J.l1.1E 13 -O.901lF: 12 **11111111111111 ~* .... ***.
1.00 0.1 !;:I-'C 08 (). 1 :> r)E 09 0.2'l<:l[ 12 O.d21E 13 -O.<;lIF 12 **11 1111 11 III nil **t>;U,**.
1.20 0.1 hI, E C)~ o.II'Jir: OP- e •.171}': 12 O.129F.: 13 -0.914l I? **11111111 111111 *'.~: **•••
1.ilO 0 .. i74t :>8 O.l ro 4E 08 CJ.,~('4r 1 2 0.13 flE 1 J -()~91?E 12 ., .11 I 1 1 1 11 1 1 1 1 1 I l(- l' .. ., >:' ......
1.60 0 .. HJ'~F OR o .. ? lO': on o. 'j~i 7f' 12 O.14M: 11 - O. 907E 12 *.*1111111111111 .. **· .... **
1.AO 0 .. 1 Cl rt: 013 0.269':' t)i3 (). (I'") er: 12 O.l'iSE L~ -0.39£'E 12 ***111111 t 11111.1 <''''c.:*~'':1<,*

~.OO 0.2'1'1:- oe (). :J~9E Od o.76":Jr; ! ~ 0.16"}E 13 -0 .. P;~1F. 12 .. ** 1 11 lit 1 1 111 11 .**.**'!'..,
2.20 0.2:'IF O~ (') • 15,?C C)~ a. ~i~::r 12 0.174f' 1.::1 -a.noOE 12 ... *. 1 11 t I 1111 till"''' ....... *'0< ..

2.40 0.?3JE ()8 o.:197r: OC O.101E 1 J 0.1134£ 13 -O.fl33E 12 .. *.1 11 1 1 1111 1 1 1 1 ...... *.... * *
2.60 O.2 l.6E (Hi 0.'.4 Sf': OR 0.114f: 13 o. '·.~4r: LJ -o.nOtE 1~ *** t 11 1 1 lilt 1 I 1 I * "' ..... ** .. 1
2..~0 0.259': (';!J o • 49()J.: ()~ o. 1 ~f',E 13 (). ?'OIIE 13 -'O.762E 12 0**1111111111111*******1
3.00 O.?72E 08 o • c;4 c)f: O~ O.loUE 13 O.215C 13 - 0.71 fj[: 12 ***111111111tll1:i-******1
3.20 o .?R {)r: 08 0.60 ...;':'.: 1)3 O.15Sr- 13 0.?2(,E 13 -0. (,r,(-E 12 * '" '" 1 11 1 1 1 1 1 1 1 1 1 1 *~'" « ....~ 1
3.40 0.300E 06 O. ~J6]E 01J O.176E 13 0.237!: 13 -0.6()OE 12 .**1111111111111~*'*~"'*1
3.60 0.31 '5E 06 0 .. "12'jC Off 0.1l')4F. 13 (). 2/, 9E 11 -0.54.3€ 12 ***1111111 t I JIll ("******1
3.80 0 .. '129 E 013 0.7f39t:. 06 0.21·!F. 13 O.2(,nE 13 -0.470E 12 "**1111111111111 1('<~>lt."'~*1
4.00 0.34':£ 06 o • D'S 7F. 08 O.~33E 13 O.27~t:: 13 -0.3QOE 12 * ** 111 11 11 111111 * *- *' 4< .. 1 * 1
4.20 0.361)E OR 0 .. 92 7E 08 o. ?54F. 13 O. ?.'\4F. 1J -O.301E 1 ? ....* 1 1 1 1 1 1 1 1 lIt 1 1 '<: * .;, •* t 11
4.40 O.376F: 00 o.lonE 09 0.277E 13 0.297E 13 -0.2051: 12 ... ** 1111 111 1111 11 .. 'it 1 ¥ (, 111
4.60 0.392£ OR 0 .. 1 :)H2: 09 o.JOJe J 3 0 .. :31 OE 1.1 -0.Ci99f:: 1 1 .. ** 1 1 1 lIt lIt 1 1 1 1 ~,1lI: t O<~' 1 1 1
4.RO 0.40;;/-: 08 0.1 t ~E 01) 0.3?4r 13 o. 3?- Jr' 13 0.134E 1 1 .. ** 1 1 1 1 1 * 1 11 lIt 1 ** 1 ,. *1 1 1
'5.00 0.425E 1)8 O .. 1?4E 09 o. ~50f~ ~f; 0.336E 13 0.136E 12 * ** .. 11 J" ** 111 1 11 "''' 1 t: * til
5.20 0.441l:C CO o .. 1.VIE i).:J 0.3"76E 13 O.}50E 13 0.26HF. I? ***111****111111 **l*~111
5.40 O.4f>O£: iH} o. f 4 2E .09 o. ~04F. 13 0.364r: 1..3 0.409E 12 ***111*4<.4<*11111 ~*,,1*~111

5.60 O.47ar: 08 0.1 ',] t.:; 09 O. \ 34E 13 O•.-itt'lE 13 0.560E 12 ***11··****11111~*\**111
S.AO o. '\. 9(,f: 0';' I).loIE Oq o.\r,4S 13 0.39?E 13 O.721E 12 * ** 1 ** **' '." *1 1 1 11 '(: 1 1 1~ 1 1 1
6.00 0.51,)£-: 03 0.1 rtf: 0<) o. '961:' 1 :3 0.407F- 13 O.59(!E 12 ***********11111 * 111*111
(, .. 20 C.5)!~E 08 O.,t3::C 09 0 .. ~29f:' 1 ~i O. '.22E 13 0.107r-: 13 it< ,.. .. ** +: *,:t .. 4< ... 1 1 1 1 1 * 1 1 1* 1 1 1
(,.4' ().!;~·:1r 08 o. 1 q ?~; 09 O. SF;3!"' 13 0.4371': 13 O.127£: 13 **,.*********11111* 1111111
t'.60 O.:J72F. on o .. 2()4<~ Oq o. 59CJE 13 0.452F: 1:3 O.147E 13 ********"'**-11111 *1111111
(J.80 0.5Q2F 00 0.21 '>C 09 O. ~ ViF. 13 0.4'1UC 13 0.16RE 13 *** **'" *****111 tl,., 1111111
1.00 O.613F. () ~, o .2:?7E OQ f). S 7SE 13 0.414':: 1 '3 0.1911: 13 .. ** *** ***' lOr *III 11 * 1 111 1 U
7.?O O.633S:: \')8 ,?240r:: Oq O.715E 13 0 .. '50 or: 13 0.2J5C 1.1 *******."**J 11 11'" 11111l!
7.40 O.654Vo: O~ 0.2331": 09 0,. 7561': 13 0.51-n:: 13 0 .. 240[ 13 *"*"**~****11111*' 1111111
7.60 o. f) r:.\ F. co o • ?,6FIC' 09 0. 7qqE 13 0.514f2 1.1 O. ~66F. 13 * ** *** ** .... (: 111 11 * 1 111111
7.80 O. 6(~"E 08 o. 2'10~:' Q? O. 'J~ 4F. 13 o. ~>51 F 13 O.294E 13 *.*********lltl1~111111i
8.00 O.719F: 00 o .294i;- 09 O.1-I90F. 13 o. ~>(iBE , 1 0.322E 13 ***********11111 *1111111.
8.20 0.741r: 00 o .1:JCr.: 09 O.918F. 13 O. !j~3(,r-:. 13 0.352E 13 "*"«*«*****11111 ~ 1111 11]
8 .. 40 0.764<: OA o. 3~ li:: Of) O. q·9~1F. 13 ·0. f,nJE 1 J O.~~4E 13 ***********11111:1t .1111 t 11
6.60 0.l87E 08 O·.JJ<i": 09 0, 104F. 14 0.r.2?F. 23 O.4Z6E 13 ...... *** ". **** I 1 1 1 1 ~< 1 1 1 1 1 1 1
6.80 O.BIOE 08 O.355r:: 09 O. IJ9J;: 14 0.640E 1.1 0.451E 13 ***1<U:*****11111 tIC \ 111111
9.00 O.034C ca 0.3., 1 r:.: 09 O. 1 i~r:: 14 0 .. 65SE 13 O.406[ 13 ***********11111 "'1111111
9.20 O.8c;:gr. 013 0.38f\!: 0'1 0, 1211E 14 O.670E 13 O.523E 13 *****·*****11111 ""1111111
9.40 0.Ofl2E 06 0 .. 40C,E 09 0, 1261":' 14 0.697E 13 0.562£ 13 **••**.****11111 ~ltl1111

9.60 0.907~ OR O.424f:: rl9 O. IJ2E 14 0.71 N:: 13 0 .. 60~r:: 13 **********<l<11111*11!1111
9.80 0.932E ()~ O.4-4-2C ,)9 0, De E 14 0 .. 736f.: 13 o .643E 13 ****;;""**:«".1111! * 1! 1 j 1) 1

10 .. 00 0.957C 08 O.461E 09 O. 144r; 14 0.7561: 13 0.686E 13 *".********11111 * 1111111
10.20 0.9~:\E: 03 O.4130E 09 (I, 151r: 14· O,..7??E 1 J 0.731E 13 ****"****"'*11111*1111111
10.40 O.101F, 0<) o.sooP. 09 0 Ene 14 0.797E 1.1 0.777E 1'3 *"""********11111"" 11111' 1
10.60 O.104f: 09 O.~21F. 09 0, 1 n4<:: 14- O.RleF. 13 0.025E 13 *.****(I:**~*llt11 * 11 t 1111
10.80 0.101'>1': 09 n.542E OQ Q,171F. 14 O.R:'i<JE 1 .3 0.1\74E 13 * ** « 'I'< *' "'* ***1 11 1 1 ..". 1 1 1 1 1 1 1
11.00 0.109E. Oq 0.5n3E 09 O. 179F. t 4 O.860F- 13 O.925F.: 13 ***********1111 '. *' 11111' 1
11.20 0.11?F. 09 o. 5'3~ir:: 09 0 '. tiC,:': 14 O. HA2e 1, 0.9701: L1 *********$*11111 * 11111 ~ 1
11.40 0.114l: 09 O.60B[ 09 o. 94F- 14- 0.904E 13 0.103E 14 *******11<(1:.*11111 I('< 111111.1
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Table 5.4-4 a. Input parameters, data, and fl uxes from second data set
for East Lake Tohopekaliga volume calculations.
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Volume calculation results.
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measurements. The analysis showed that the volume determinations were inde­
pendent of lake bottom temperature as long as the bottom temperature did not
change. This is a consequence of the fact that the stored energy is based upon
time differences in temperature so that a constant does not alter results. The
calculations were also reasonably insensitive to cone geometry, always giving
consistent volume determinations by giving varied depths. This is a conse­
quence of the cone geometry and would be expected.

The most sensitive input is shown to be the modeling of the fluxes.
Small errors in the fluxes are reflected as large errors in volume determina­
tions sometimes causing unrealistic situations such as a net outward heat flux
accompanied by an increase in lake internal energy ..

The flux energy effect and the internal energy effect can be summarized
as follows:

a. Small changes in flux energy with large changes in inter,na1 energy
imply a shallow lake.

b. Large changes in f1 ux energy with small changes in internal energy
imply a deep lake.

Figure 5.4-5il1ustrates how the interaction of flux energy and internal energy
changes operate in truncated' cone lake model.

The change in lake surface temperature from 1530 April 11 to 1530 April 12
was l.5°Cin the Table 5.4-3 data set, and 2.4°C in the Table 5.4-4 data set.
Therefore, not only was the flux energy less for the second data set, but the
i nternalen'ergy change waS larger. Both these factors 1ed to a smaller 1ake
depth calculation. At the depth of 5.0 m (cumulated upward), Table 5.. 4-3 show­
edan internal energy change of 0.350 X 1013 cal/hr and a flux energy exchange
of 0.336 X 101 3 cal/hr, whereas Table 5.4-4 showed an internal energy change of
0.559 X 1013 cal/hr and a flux energy exchange of 0.287 x 1013 cal/hr.

The lake volume model would improve in sensitivity if data were analyzed
over two half-day periods, e.g .. , from 1530 pm to 0330 am, and from 0330 am to
1530 pm. This procedure would yield the largest values of flux energy ex­
changes and internal energy changes to use in predicting lake volume.

The lake volume model can also show sensitivity to sensible and latent
heat transfer parameters. The input data from both data sets were run for a
high wind speed (7.03 m/s), but the model failed to converge on a predicted
lake depth because the flux energies were negative (loss) whereas the internal
energies were positive (gain).

A sensitivityaoalysis was run on the input data from Table 5.4-2 to
determi rie the effect of varyi ng the background sky temperature, from -] O°C
(cold-clear) to tlOQC (lQwwarm clouds) Qn net flux energy and on predicted
depths (Table5.4..S). Oepths of 5.5 m, 5.1 m, and 4.6 ,m were predicted for
sky temperatures o:f-10°.c, O°C, and +lO°C, respect'lvely. Therefore, assump­
tionsaboutsky temperature do have a significant, but not overwhelming, effect
on lake~01umecpredi6tions.
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-0. O() 7F-,
-0. ')41\'1
-0. 062~
-O.()'''~!

'-.).O:~Rb

-0.1074
- () • 1.3 4 ,~

-0.1200
-0.1163
-O.lJ9<;:;
-0.2046
-0.2022
-().1657
-O~1200
.• :). 04 81
-O .. 066~~
-0.0604
-v.0541

Lf
-O.O<qt;
-0.10J/+
-O.V6t:><.O
-0 .. 0737
-0.1270
-0.107'4
- O. Of.> 8 i
- O. or) 7' f:
- o. (}(I PI
-0.062fJ
-0.074.1
-0.0'186
·-0.1074
-0.IJ4R
-0.120Q
-0.1163
-~. l:J'1S
-0.2045
-0.2022
-0.1657
-0.1200
- 0.048.1.
-0.0661'3
- 0.0604
- 0.0541

HI() .1, fl .17
0.137"

-v.l?'??
- 0 • ;~:. "f.>
-O .. .!ilO"
-O .. ;~45q
-1).;>1'.5a
-O.?(.il<!
-0.243.)
-()'0;~42~

.:.. 0 .. ~~4 17
- () • 2 I. ()I,
-O.?ll.U(~

-O.24JA
-a.2408
-0.1"84

0.14 Rt>
a.(.972
0.79'58
1.00q?
l.llql
1.1157
0.91174
0.7763
O.470R

f.r-4
0.54:'2
0 .. 1991

-a.1162
-O.IB'")l
- O. 1 £>::·2
-0.1 [{ -.4
-0 .. 1(\15
-O.lH~7

-0.1"319
-O.UH 0
-0.1£1;)2
-0.. 17 ;13
-0 .. 17:t3
-0 .. 17'<:13
-0.1'''·3
-·0 .. 1070

0.21 ::)1
0.55 r3-'
a.8~j7.3

1.07 :>7
1.1805
1.1771
1.05S9
0.8:5 ('0
0 .. 5323

f M~T
0.3:;[)f)

., 0.013',
-0. ~)7~:;~

-O.3'jl)?
-0. 4.j4~
-0.404P.
-0.-'4'::;9
-O.3 4 4C.,
-0.3149
-O • .3J60
-0" .i:"~.:.!,

-O.';'l~1P,3

- o. 4/}1 4
-0 .. 4 42.1
-:0.4216
-0 • .1424
-o.o~oo

0.1914
0.494(,
0.7641
0.94,27
1.0455
0 .. 9007
0.6R?7
0 • .J939

FNET
0.4121
0.0480

-0.2143
-0.2 CJ 47
-O .. 372B
-O.3t..J4
-0 .. 2(j4 ~j

-0. 2fU 1
-O.:?t:J4
-0.2745
- o••~00d
-O.326H
-0.3J99
-O .. :SHOQ
-0 • .J60 1
-O.2H09

0 .. 0015
0.2529
0.5561
u.8256
1.0042
1.1069
0.9622
0.7512
0.4554

hEP'm

1.:4.
1.9
9.5

S:~
7.9
7.7
8.1
8.9

3. 5

~:1
5.5
3.3
3.3
1.7

DEPTH
0.5
1.5
7.9
8.5

lJ
6.1
5.9
6.5
7.3

~:1
5.1
5.9
3.5

tJ

T --10°Csky ,

Avg. depth
5.5 m

Avg. depth
5.1 TIl

NET FLUXES
TlME .... 5

3.5 ~~.7
4.5 3.0
5.5 2.2
t:.5 .r..4
7./.j 3.6
8.5 3.2
9.5 2.3

10.S 2.3
11.5 I.P
12.b 2.2
J.:,.,5 2.5
14.e ':hl
1~;'5 ~3 .. 3
1(; .. 5 3 .. S
17.5 3.6
Ifh5 3.5
19.!;; 4.0
cO.!) 5 .. 3
21.5 5.2
22.5 4.4
23.5 .1.4
O.~ 1.7
1.5 2.1
2.~, I.e;
3.b 1 .. 7

TS
25 .. ~
25.5
25.3
25 .. 0
24 .. 9
?"4.e
24. "
2'... I'>
£~". 5
.~ ,', .. '+
~" .. :i
24.2
24.2
24.2
2-,.2.
24.2
~= (~ •2
2. (.... ,~

2 1; .. 4
2 ..... r'l
~! '5.?
2:-, .. ~
2(,.?
2{,* '7

27. :-i

I-'
,-0.0416
,·0. Oq 76
-,-0. o:n 2
-0.0350
,.wO.0606
··0 .. 0515
'-0.0.32e
-0.0.326
-O.C23A
-0.0.307
-0 .. 0365
-O.04'1~

- (). O::;.J~~
_. 0.06"7
-0.0599
-0.057()
-0.0691
-O.10LJ
-O.OQ<)()
'-0.079::;
-0.0~63

-0 .. 0221
-0.029P
-0 .. O;:!62
- 0.0228

LE
-0.091'5
-0",10.)4
-0.0669
-0.0737
-0.12.70
-0.10 7 4
-0. OISA 1
-0.067 r,

- 0.0481
-1.>.0628
-0.0741
- O. OQH6
-~.1074

-O.IJ4P.
-0.1209
-0.116.3
-0.1395
-0.2045
-O .. 2H?2
'-0.1657
-0.1200
-0 .. 04Hl
-a. CaGe
-0.0')04
-a.O";l!q

RN
O.613R
O. 2(~ 77

-0.0476
-(1.11"5
-0. i I;'),)
-O .. 115~
-O.114~

-0 •.114\
-0.1133
- 0.1 1 2,~

-0.11 I ?
-0.110r
-0.11,""
-C.l10·/
-a.II07
-0.0384

O.?7'37
0.627.3
0.9:'51')
1.1..3(";3
1.24'H
1.24 ::;7
1. 1274­
O.90~:A

0 .. 50 fJ<)

FNET DEPTII
0 .. 4807
0 .. 1166

-0.1457 1.1
-0.2261 6.1
-0 •.30426 •• 7
-0.2.747 5 .5
-0.215Q 4.7
-0 .. 2 145 4.3
-0.1840 4.1
-'0.2 J59 4.7
-0.2222 5 • .3
-o .. ~5d2
-0. <:' 713
-0 .. .312 J
-0.2'115
-0.7123

0.07'01

g:~~li~:f
o. F.' CU.2 5• .5
l.07.2~6.5
1 .1 75 ~~ 3.9
1 .. 030~ 3.9
O. 81.)H 2.1
o.~;;~A.V

Avg. depth
4.6 m

Tabh~ 5.[,-5. fluxes and dt:>pths for di.fferent sky temperatures.
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5.4.3.4.4 Water Temperature Profiles

Fi gure 5.4-6 shows lake temperature profi les for the Tohopeka1i ga data
along with the analytical fit (Eq. 5.4-23, section 5.4.3.3.3.3) for several
di fferent hours ..

An examination of Figure 5.4"-6 does show the lake to be stratified signi­
ficantly i nthedayl i ght hours with the strong influence of the sun. This was
earlier considered to be a major obstacle to the study, however, the rather
good fit to the analytical function shown in Figure 5.4-6 indicates that the
problem is not so diJficu1t after all. This would be especially true if one
considers errors in actual measurement which is probably near 0.25 to 0 .. 50°C.
Furthennore, it is differences in temperatures between times that is used in
the interna 1 energy calculations which tends further to decrease the effect of
stratificati·on. In fact, there is no error s010ng as the' profile shape does
not change. .

It is furthermore evident from Figure 5.4-6 that at nighttime, the lake
may not even actually be strati fied since di fferences are on the order of
0.50°C,the assumed error limits. This is evident from the 2130, 0030, 0330,
063q, and 0930 profiles.' .'

5.4.3.4.5 Model Predictions for Lake Okeechobee

The above results seemed encouragi ng enough that a determi na ti on for Lake
Okeechobee was tried. Satellite derived temp'eratures for the night of 22-
23 February 1978 were used. 5i nce thi s was a known freeze ni ght, a sky tem­
perature of-17.0°C was used for the radiation model. Also, since actual wind
speeds were not avai 1able, the Hi cks (1975) assumpti on that evaporation ; s
independent of wind was used. (This was done by entering wind speeds of
7.3 mls which is the UQ parameter in the model, Section5.4.3.3.3). The Okee­
chobee surface area radius of' 24 km estimated from a contour map was used for
geometry, a value of 100 m for the D parameter and 20 km for bottom radi us.
Thi s is a different shape from that used for Lake Tohopeka1i ga, but prev i ous
analysis had shown calculations to be fairly insensitive to variation of these
parameters.

The results of this attempt is shown in Table 5.4-6a and5.4-6b whi ch
yielded values of 1950 ~ 744 billion gallons. The volume predicted was
5.7 X 109 m3 with a depth of 4.5 m (14 .. 8 feet). This is in fair agreement
with the average depth of about 12 feet at a stage of 16.5 ft msl. .

If the lake were similar to a section of acyl i nder rather than a t run­
cated cone, its approximate volume would be about 6.6 X 109 m3.
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Figure 5.4-6. Plots of lake temperature profiles.
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Table 5.4-6 a. Input parameters, data, and flu~es for Lake Okeechobee
volume calculations from GOES satellite sensed surface
temperatures.

1NPlfl OAT(\
10 1 1 70 20 0.000

24000.0UD 20000. 000 100.000 12 OQO ~~ 000 8.000
7.3 7.3 7.3 7.3 7.3 7.8 7.3 ~7~3' 7.3 7.3

12.3 11.·a 11.611.411.311211.111:010.910.8
0.0000.000 0.000 0.000 o.ooe 0.000 0.000 0.000 0.000 0.000

0.280 -'],7.000

FNEl
-0. 1'~4Jl.9

-0 . .."1-:351
-0. 4312
-0. '1;~71.1.

'''0 11,;::'5~::;

'·0. ~:-:3c:

-0.•1;"~ 17
-0 4199
·-0. '1-i80
,,0. !.'! 161

NET
00 -0. 186E 00
00 -0. 182E. 00
00 -0. lSlE 00
00 -0. 179~' 00
00 -0. 179E 00
QO -0. 178E 00
00 -0. 177E DO
00 -0. 176E 00
00 -0. 176E 00
00 -0. 175E 00

RN
-0. 1860
-0. 18;;::~3

-0 1808
~·o. 1794
--0. 1786
-0. 1.779
_r'I '77"-0: 1764
-0.1757
-0. 1750

I.E
-0. 1319
--0. 12b9
--0 1"!1O--0: 1. ;:;31

...·0. ?22
·,0. 2J2
-0. ;W3
'-0. 194
- O. 180
--0. 175

SKY
0.34:3£
0.343E
0.3'13E
o. 34:~:::

0.343E
0.3/.j3E
o. 3!j·::3r~:

O.31J3E
0.3L!·3E
0.343£

SFC
--0. 529E 00
-0.52::·[:' 00
-0. 52JiF 00
-0. 522[~ 00
-0. ~;'''2~:: 00
-0. 521E 00
_.(). 520r~ 00
-0. 519F 00
-0. 519E 00
-0. 5l0E 00

j'.:- If
12~3 --0.·1:~70
11.8 -0. ~;!5q

11.6 -0.l;;!3'1­
11.4 -·O.1~·5(J

11.3 -0.1247
11. 2 -0. 1;-> 4 5
11. 1 --0. J;!43
1.1.0 -0.1;/41
10. 9 -0. 1<·.~38
10.8 -C', 1;13~,

RADIATION FLlIXES
TIME hUN

7. ti 0 OOOE 00
e. 5 O. COOE 09
9.5 O.OOOE Ov

10. 5 O. oaOE 00
11. G O.OOOE DO
12. 5 O.OOOE 00
13. S O. OOOE 00
14. :> O. OOOE 00
15.5 O.OOOE 00
16. 5 O. OOOE 00

NET FL tJX[~i

TH'IF.: W£I
7. ~ 7.3
8 5 7.3
9. 5 7. 3

10. :} -I. :3
11.~ 7.3
12. 5 7. 3
13. 5 7. 3
14.5 7.3
1~. 5 -t. ~3

1!.~. 5 7_.3

•
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Volume calculation results.

FINAL nU;UlTS
DEP lH I\fH~ jl\ ( MSQ ) VOL <!'1<':'J) I F FE
o.~o o. J~:6E 10 02~dE 09 -0.14:1£ 14 "0 :j;;?li:: 15 O.307E 15
O. 40 O. 1;:~6r 10 0 ~~O~jF 09 ··0.285E 14 ,0. :~;';~;E 15 0 293E .15
O. bO O. l:;U,E 10 o. n,~F 09 ··0.4?BE 14 -,0. ~1;12!': 1:; O.27Q E 15
0.80 O. 1;:16E 10 0.101:--: 10"0. ~"2E 14 --0. 32;::t"· 13 0_ 26~E 15
1. 00 O. 126£ 10 o. 1;)6(:. 10 ·'O.715E 14 -·0 T" .....C 1:; 0 251£: 15
1.20 O.126( 10 O.I~d.t:' 10 ,,0. 85BE 14 ···O::,j~;:3( 15 0: 237E 1~)
1. 40 O. 1~!6E 10 O. 1-/6E 10 "0. IOOE 15 -0. ~,;-~3L 1:,) O. 2~!3E 15
1. 60 O. l~!bE 10 O. ~::()~!t~ 10 -(). l1SE 15 ,,0. 32::;E 15 0.209E 15
1. 80 O. 127[ 10 O. ;:::;1,::: 10 "0. 129E 15 --0.3;-!3C 15 0 194E 1~
2.00 O. 127E 10 0 ;;~:.J2F. 10 -0. 14,3E 15 -0. 324C I'}' 0.1110£ j ~>
2.20 O. 127E 10 0. 218E 10 -0. 1~BE 15 -0 324E 15 O. lh6E 1~
;". 40 O. 1~aE 10 0. :303E 10 -0. 172E 15 --0. 3241'; 15, O. 152£ 15
;;.;. bO n. 127£ 10 0.3;:8:::: 10 -0. 187E 15 -0.3;::!4E 15 0.138£ 15
~. 80 O. .t ;';J.7E 10 O. 3~)4E 10 '-0. 201 E: 15 '-0. 325E 15 (\. 123E: 15
3.00 O.127E 10 0.3)9E 10 -0_216£ 15 -0.325£ 35 0.109E 15
3.20 O. 127E 10 O.40~E 10 -0.230£ 15 -0.325£ 15 0.950£ 14
3.40 0.127E 10 O.43.0F: 10 -0.245£ 15 -0.325£ 15 a.S07E 14
3.60 0.127E 10 O.456E 10 -0.259£ 15 -0. 326E 15 0.664£ 14
3,80 O.128E 10 O. :181E 10 '-0.274£ 15 --0. ~326E 15 0.520£ 14
4.00 O. 128E 10 O.507E 10 -0.289£ 15 -'0.326£ 15 0.376£ 14
4,20 O.I;?8E 10 O.~)3;2E 10-0.30:1£ 15 -0.327£ 15 0.234£ 14
4.40 O.1:28E 10 n. 5~~BE 10 -0. ~H8E 15 --D. 3271:: 15 O.89HZ 13
4,60 0.128E 10 Q.5B:;E 10 "0.'332£ 15 -0.327E·J~) -0. 537E 13
4.80 0.128£ 10 0.609E 10 -0.3<1·7£ 15 -0. 327E 15 ,,0. 199E 14
5.00 (1. 128E 10 0.6:1:";2 10 -'0. :~62E 15 -0. ;::-l28E 15 -0.343£ 11-
5.20 O. 12BE 10 O.S60E 10 -0.376£ 15 -0.328£ 15 -0. 486E 14
~.40 O. 123E 10 O.6~6~ 10 -O.3(7JE 15 ~o. 328~ 15 -0. 630E 14
~. bO O. 12m: 10 0 7 I ~!:.:: 10 ,,0. 4106E 15 -0. :5;$F. ;, ~ -0. 775E 1 1
~. 80 o. l~:',n: 10 0.731,:: 10 '-0.1121£ 15 -,0. :12"1£ I::> -0. 920E 11-
6. 00 O. l~zr"'E 10 0, 7J:':I~~ 10 O./J:35E 15 ',,0. :Q'7E 15 -0.107£ 1 ~
p_;'W (I. ~c.'·lL:: 10 0. 'J,,!'1E Ie ·-O.I1:::iOE 15 . O. 3;::f?C 15 -0, 121E 1'5
l,.40 O. 12~J'E 10 . O. 81 ~I[' 10 -,,0. 'lb5E. 15 -,0. ::l29E 15 ',0. 136E 1:;:·
6. 60 O. J ;:1r/F Hi 0 BlUE 10 '-0. 'l8UE 15 --0. 3~~OE 13 ',,0. 150E 1 ';:'
6. BO 0 );}YE 10 O.8~hE 10 ·-0.490E 15 ',0. :330E 15 -0. 165E 1:;:·
i'.OO O. J ~.~~lE ~ 0 o. 8l~.~r:: 10 -0. 509£ 15 '-0. 330[: 15 ·'0. 179E 1::'
7.20 O. Jd9E 10 O. rnnr:' 10 '''0. :::i24E 15 ',,0. 330i:: 15 -0. i94E 1::
7,.40 (l.J~::r:· ~O (L9"!IJF 10 -·O.~]9E 15 =OO~.·~3~11~ 11~ ·-0.208E 1:"
1.60 Cl. 1,~,1';;', 10 O. i.fl<.;::' 10 ,0. ~;·5/H:: 15 .:l:;, ,I ',0. ;?23E l:i
7.80 O. 130F 10 O.976E 10,0. ~69E 15 -0.331£ 15 -0 238E 15
8. 00 O. 13()E 1.0 O. l)~'t:. 11 -0. ~)84E 15 --0. 331 E 15 -0. 253E 1 ~
8.20 O. j :mE 10 O. l lXiE 11 '·0. 59(.i'E 15 -,0. :;3~:~ 1.5 --0. 267E 1:;
8.40 0.1:30E 10 0.1)·/E 11 -0. 614E 15 -0. 332E 15 -0. 282E 1~>
3.60 O. 130E 10 O. 110E 11 -0. 629E 15 -0. :,32E 15 -0. 297E 15
8.80 O. l:::l0E 10 0.118£ 11 ~·O.644E 15 -0.:-:83£ 15 -O.3~lEl~
9.00 O. 1 :1OC 10 0.-115E 11 '-0. 659E 15 -0'::133:-:: 15 -0. 326E J ~
9.20 O.130EI0 0.118E11 --O.h74E15 '-0.333£15 -·O.341EH·
9.40 O. 1]0£ 10 O. 1 ::OE 11 -0. 689E 15 -·0. 833E 15 -0. 356£ 1;;
9.60 O. ,131E 10 O.1;?:1E 11 -(}.704t: 15 -0. 334E 15 -0.:371£ 15
9.80 O.131EIO O.1·?6E:11 -0. 719E15 -·O.33IlEl~ -·0.38~E]~

10. <.iO O. 131E. 1(.. O. L'HE 11 -0. 734E 15 -0.334£ 15 -0.4QOE 15
10. ;'70 0.131£ 10 O. 131E 11 -0. 750E 15 -..0 :~34E 15 -0. 'lISE 35

i8:~g R~~t~ ig 8: i~{i;~ it .~g:~~~~ t~ =g:~gg~ is :g:4~g~ t~
10.80 O. 131E 10 0. 1.YE:: 11 -0.7<i5E 15 -,0 ..:;.'3?E 1 c, -0.460£ j:~
11. 00 O. l:.nE 10 O. 11 U: 11 -0.810E 15' "0.•73~E 15 -0. 475E 1 \
11. 20 O. j 31E 10 O. 1·'·lE 11 -0. S2SE 15 -0.336£ 15 -0. 490E ~,

1 1. 40 O. J:H E 10 O. 1 ~ 'E 11 =00.' 8E_3~61EF;. 1155 ',0. :~36E 15 -0. 505E ~ ~
11. 60 O. 13~?E 10 O. 1 "I·/f': 11 ~ -0. ~~36E 15 '-0. 520E 1 ~
11. eo O. 1::,:l;:'?E 10 O. 1 ~j:!E 11 -0. H71E 15 -0. 33,bE 1'3 -0. 535E j~.
12.00 0.13;'-:£ 10 0.1~.dE 11 -0.B86E 15 "0.337£ 15 -0. 550E l~·
12.20 (; 13~:E 10 0 1 ':'>"'E 11 -0.902E 15 '·0. ::137E 15 -0. ~65E 1~·
12.40 0.1:32£ 10 O. lSI)E 11 -,0. 917C 15 -,0. 337t:: 15 -0. S80S 1:~
12. bO O. 1.32E 10 O. 16:~F 11 -0.9321:: 15 -0.338£ 15 -0.5951.:: 1:·
12. BO O. 132£ 10 O. 1.:'~E 11 -,0. 948E 1~· -0. 33t~E 15 -0. 610E J ",
13. 00 O. L3;;2E 10 O. 16Br,: 11 -0. 963E 15 -0, :~::mE 15 -0.625E; ~
13.20 O. 132£ 10 O. 170F 11 -0. 9'18£ 15 -,0- 33BE 15 -·0.640E: ';."~
13. 40 O. 132E 1(') O. 17::tE 11 ·-0. 9CJ4E 15 -0. 3871::: 15 -0. 6556: ::>
13.60 0.133E10 0.1/6r~:11 -0.101£16 -0.337£::15 -O.670E 5
13.60 0.1::33E 10 0.l'/BE]1 -·O.102~ ,16 '-0 :n:tE 1", -0.b8bE ~~
14.00 0.133£ 10 O.181E 11 -0.10IlE 16 -·0 :;3f7'E 15 -0. 701E :~,

nEPHI (I'1l~TFI1S) 1. 30 :'3. 70 3. ~)O ...,. 50 '1, :'JO 7. 30 7.80 "7.
VOL.< XI 0-9GAL) 43;.~. 6[;1237. 381170. 032;;27. 272'138. 90~~45G, 902458. 902:;:90.
AVERAGE Or::PTH:: ~i. f3S'j n~:v::-: ;'. j ';'/2
AVG VOL"" 0. lel'S£' 1.:, -1-. O.74'lE 12 Gt\L

9 VAL) 0 HOUfH>

11 1 111111
111111 111
111111111
111111111
1,11111111
1 i 1111111
111111111
*11111111
*1113.1111
;l·11111111
>11111~111
~q1111111'
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5.4.5 Conclusions

Wind speeds that averaged 3 m/sec were not strong enough during the
April 11-12, 1978 mission to ensure sufficient mixing on East Lake Tohopeka1iga
to produce isothermal conditions. Temperature profile measurements showed
strong temperature increases within the top meter during midday to midafter­
noon due to absorption of solar radiation in the top layers. Isothermal condi­
tions were most nearly approached during the nocturnal hours from 1830 to 0630.
From these observations, the best times and the best conditions fordetennin­
ing lake volume using isothermal, well-mixed lake assumptions would be over­
night during passage of a strong cold front with high winds. Both mechanical
forces and buoyant forces would tend to keep a shallow lake isothermal under
those conditions. Low atmospheric temperatures and specific humidities, high
winds, and clear skies would promote large flux energy exchanges which would
yield measurable changes in internal energy (changes in temperature). Under
these conditions, remote sensed surface temperature should accurately indicate
changes in lake internal energy that could be used to estimate water volume and
depth of shallow lakes by the techniques outlined in Section 5.4.3.1 and
5.4.3.2. Further experiments should be conducted under the best conditions
for success.

Even under non-isothermal lake conditions, it is possible to obtain rough
estimates of the lake volume of shallow lakes using the energy balance model
developed in Section 5.4.3.3. Further refinements will require better lake
geometry data and better flux models.

However, it does not appear that the procedures as now developed would
yield volumes sufficiently accurate for operational use. On the other hand,
it seems possible that the procedure could be turned around to develop better
flux models. That is, from knowledge of lake volume and temperature change,
the fluxes could be calculated. The program listed in the appendix,
Section 5.4.6, should be modified to further investigate the possibility of
determining fluxes (radiant, sensible, and latent) from lake volume and in­
ternal energy changes.
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5.4.6 Appendix I - Program Listing

The following program LKVOl was used to produce all of the results of
this section. The major inputs are standard meteorological measurements,
wind speeds, lake surface temperatures, and if available, net radiation. The
second data card contains the lake geometry and bottom temperature and solar
and sky temperature data which is needed if net radiation is not given.

The program is set up to take consecutive hourly data and measures time
from solar noon (i .e., 1230 winter; 1330 sUl11l1er). The first card reads the
number of hours and starting time and other decrementing parameters . The
last item on the first card is expected lake bottom temperature.
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$JOB
OfMENSIO~ U(2~I,ST(25).RN(2S).FNET(25J.EGY(2!t.EJ(~9J.EF(i~"
.NE~R(?q.24J.ZC(251.Y(25)

CCMMON TH,BP,"'C,TU.XLAl.XOEC,ATT.TSKY,TAC
C •••••COMMON V~N'AHLES AR~ TOP NAOI~5,AOTTOM RAO~S.CONE ~EJG~T~LAKE
C*.B01TC~ TC"''''EF<AflJHE.LAT ITUDE. 5Ul.... AJ1 OECL INAT ION ,A lMOSPt-lEFd C
C ••ATTENUATION CUcFF1CIF.~T AND EOUJVALE~T BLACKOCOY SKY TeMr-E~ATU~E

99 FC~MAT(8rlO.3t
98 FO~MAT(~X,I?3(2X,EI4.6It

97 r.ORMAT(' STEP ',13,· Z;; '.F5.0
96 FO~MAT(12(l)(.f~,ltJ
<j/5 FOF<MA T ( 12 (F 6. 3) )
94 fORIl4AT(2X.I2.lX.EI4.6)
93 F.OJ=;MAT (' STEP ENERGY t )

92 FORMAT" STEP EII\T EFLUX E~"'O~')
91 FOJ;;MAT( lX.F6.2.5( IX,Etl,:H,3X,2411)
90 FOkMAT(' DEPTH AHEA(MSOJ VOL(MeU) IE F-EI)
89 FURMATe' l= ',Ft.2J
ea FO"J;MATCUH,'INPUT OATA'J
87 FORMATC.IIH)
86 FORMAT(' VOL(XlO-<;GALJ ',lO(F7.2J)
85 FQJ;MAT(' DEPTH(IwIETt:f,S) ',lO(F7.21)
84 FO,. ...AT (' It vER AGE D(;PTH= f .F5.1 " 51 DEV: f ,Fa.4)
83 FOJ:;,'olAT ( IX, 13. f VAL 10 HOUR S' •
e2 FOf;MAT(' AVG VOL= ',ElI,3,' +- ',ElI,3,' GALt)
81 FORMAT(' LAKE PROFILE IOCM INTERVALS ')
HO FO~"'AT(' NET FLUXES I' "
1<; FOF\MAT( //.' RAOIATICN FLUXeS"
70 FORMAT( Hil,' FINAL RESULTS q
77 FO~MAT(5(IX,~4».lX.rlO.3)

C**.* tNPTS=25 MEAN:;. 25 DA 1A SET S
C*** ••NS=3 MEANS S:ARTING DATA IS 3C+lIZ)HOURS FRC~ SOLAR ~JC~
C****.SOLAR NQ(JN 1:. 1230 "'INTER ANi) 1330 SUMMER

10 REAO(5,77,£NO=500)NPTS.~S.NN.NM.NS1EP,TAC

REAO(S,99)TR.eR,h~.TB,~LAT.XD~C,ATT,TS~Y
READ(S,9(d (U· I) ,I=:t ,NPTS)
REA 0 ( S. Q6 » ( S" d I ) , I =1 , NP T S )
READ(S,9SJ(RIH1),I=I,NPTSJ
WRITE(6.a8. "
~ ~ ITE« 6.77 H,;!" lS, N S, fIlN ,NM .NS1EP, TeC
WJ;c IT E «(), 99) Ti<, Dr., HC, T 13, XL AT ,x CEC, AT T, TSKY
WR ITe;: (6.96)( iJ( 1 t. I -: It NP TS'
Wso IT E «b. 9 6 ) (: .. T ( I I , I:: 1 dlPT S I
WR t TE (6.95) (I~'" ( II ,I =1 • NP1" S)

C*.*.*COOES WILL SIIPRESS PRINTOUT IF 0**.*
LCOOE=l
NCaOE; I
MCCDE-O
JCCOE=l
LCODE=O
.JCCOE-O
XS1EP=0.Ol.N~lEP

ClI'.*.CALCULATE ALL PROF ILES 1\ r AVt:kAGE DEPTH•••
JF(JCQOE.eO.O)GC TO j~

WRITE(6,87)
WRITE,C6.0t)
DO 16 1::1.r-lp"; <)
T J ME::: 1 • 0'" ( 1-' , ,
CALL RSUTHCNC( DE,T IME.HC. STC I J, E.GA1..J.

16 CO~Tl NUE
15 "'1PTS,=NPTS-l

C*.* ••CALCULATE 1\E1' RADIATION IF NOT GIVEN*••••
IF(RN( 1 ).EO,CI.0)-.j:;ITE(6.79)
l>C .3 t=l,NPT~;

TI~E=I,O*{NS.J-lt+0.50
IF(TJME.GT.23,999'TIMf.;TI~-2 •• 0
IF(RN(I I,NE.O.OIGO TO J
CALL RNET(NCOOE.TI~E.ST(l•• ~R)
nN( I )=RR
NCCOE=O

~ CONTi NUE
C."'.*~CALCULATE NET FLUXES*••••

NCeDE:!
W~ITE(6,80J

00 7 1=" NPTS
Tf~E=l,O·(NS+l-l)+O.50

"I t= (1 IME .GT .23.9;." t T t ~F"'T I ME-24. 0
CALL n06IL(NCODE,T IMC,v( I J.ST( I"RN( I ',tiFLUX)
FNET ( I ) =HFLUX
NCOOE=O

1 COf.,T I NUt:
C.*."~Ti"RT \4I\IN LOOP Fer: DEPTH INCREMENTS....

DO 4 JOU"1::NN,"''''
l =XSTfP*JDUM
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C•••••MCCOE, P~fNT OPT ION."
IF (MCODE.e,o.o 'GC TC B
WR I T£ (6 ,l:S9) l,
W~ITe(6,97lJOUM,Z

WR1TE(6.93 )
8 DO 5 1=lt~PT5

c •••••CALCULATE IhTER~AL ENERGY OF LAKE••••
T I ME 0;: I. O. ( I-I ,
CALL RSUTH(NCOOf.T1ME.l.ST(1),E.GALJ
EGy(".::E

C•••••MCOPE PRINT OPTION•••
IFlMcooe.EO,O )GO TO 5
WR I T E ( 6 • 94 ) I , E GY( f )

5 CONT (NUE
SU ';£:=0.0
SUMF::O.O
IF(LCOOE.eo.olGO TO 13
WJ:( JTfH6 ,92)

c.~•••sueTRACT FLUX EhE~GY FROM STORED ENERGY •••
13 DC 6 J=I,MPT5

ElhT=EGY()+I'-EGvtJI
f,tX=BR+( Z/HC) *C,TR-8R)
AREA=3.'14159*RX *RXUl .OE+04 l
EFLUX=60.0*AkEA$(FhETfJ+I)+FNET(J)/2.0
ERfl=E INT-EFLUX

C•••••SET UP SIGN PARAM~TER TC FlhO INOiVIDUAL ZEROES•••
IF(ERR.GT~O~O'GO 10 12

, NERR (JDU:.4. J ).:;-1
GO TO 11

12 NERR(JOUMtJ)=+l
II SUME.:;5UMS+EINT

$ u"cF.:;SU MF+ EFL UX
Ct••• +L CODE Pk IN T OPT ION."

IF(LCODE.to.nlGO TO 6
~RITE(6~98)J~El~T,EFLUX.ERR

6 CONTINUE
EJ(JDUM)=SU~E/(1.0.~PTS)

EF,( JDU"4' =SUMF I( I. O*MP lSi'
4 co,..;TINUE

WRIT'!:(6.1B)
WRITE ( 6 • 90 )
DO 9 1=,....,.NM

C.*.*.WR.TE, OUT SuMMED EfCRORS •••
Z=X5TEP.l
RX=OR+(Z/HC).(TR-BG)
AREA=3.14159.RX+RX
Oo=RX-S,R
VOL =(3,14159.21'3.0).( 00*00+3. 0 .DO.BR+~hO.BR.Af:
ERR=E I ( 1) -EF( 1 )
~RtTEf6,91)l,AREA,VOL,EI(I).EF(1).ERR,(NERR(1IJI.J=1.MPTSJ

9 CCNTINUfE
c •••••CALCULATE AVERAGE CEPT~ AND SlANDARD OEVIAlIC~•••

'04=NM-I
Z5UM=0.0
VSUM=O,O
ZNUM=O.O
N'" AL=O
0020 J=I. ""PT 5
ZO(J)=O .. o
V(,J ,=0 .. 0
DO 21 I=NN.MM
1<=1+1
TEST=NERRCK,JI-NERR(I,J)
IF (TE,ST .EO .0. 0) GO TC ? I
lO(J)=XSTEP.I-(XSTEP/2.0'
ZSUM=Z5UMtlD( J)
lNUM=ZNUM+ 1,0
NvAL=NVAL +'
RX=OR+ClO(J)/~CI*(TfC-OR)

OO=I<X-BR
V( J ,= (3.14 ISQ,+2f·4. 17C<ZO(.J '/3,'0) *( 00 ..00+3. 0.00. OR+';]. 0+ t,H~. fHO
VSUM=VSUM+ V(J )

21 CONTINUE
20 CCNTI NUE _

IF(lNUM.LT.l.O)ZhUM=t.O
lA.VG-= ZSU"4/ZNUM
VAVG:V5\.JM/ZMIM
VSOR:O.O .
ERRSQ=O.O
0'0 1.2 1:::1, MPT S
VSOR=- VSQIH'V(I) *vt. U

Z2 Ef1J;SO"CRRsa"Z(J('. ~lf){ f'
X~=(VS~R/ZN~M'-VAVG.VAVG
IF(XX.LT.O.OIXX=O.O
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/

148 VSTO~SaRT(XX'
149 XX~(Er.tRSQ/lNU'")-ZAVG.ZAVG
I50 f F (X X" LT. 0 .0 , )( X='O .0
151 lSlO=SQRT(XX'
lSi? 00 23 1-=I,MPTS
t~J ?J vu,=vnt*n"OF--09)
l54 ~RtTe.«1.8~l(lU(1) tI::l.'-4PTS'
\55 ., h. IT C: (6.66 J ( V ( , , • f'" I. MJ..l TS ,
I 56 WR I 1 E H, • ~ 4 t 1 fit. V G • 2 5 T 0
, 57 \Ii r~ 11 F. ( £, • I;) 2 ) VA "G • \I S TO
56 \lOilTE(6.6J HNAL
59 ~RfTE(6.67'

60 ~o TO to
61 500 STOP
62 eNQ

(,3
64
65
66
67
68
69
70
11
12
73
14
75
76
T7
78
19
30
H
32
B
J4

SUBROUTINE ~NET(NCCOE.TIME.TS.Rql

eC~MON TR.HA.HC.TH.XLAT.XD~C.ATT.1SKy.T~C

99 FOf..MAT(IX.f5.I,IX.4Ell.J'
~8 r-Ot:iMAT(' TIME • SUN SFC SKY

DATA CP.Sl~/O.qe.Q.81JE-lO/

T)(:.TS.21.1" 16
1 V:. T SK Y +27 ,l. 1 6
XI~SIN(0.QI7~.XLAT'*SIN(O.OI15*XO~C'
X2~COS(O"Ol15.~LATI*COS(O.OI15.XOEC)

XCOS=Xlt-X2*COS(3.14159*TlME*15.0/160.0)
{FO(COS.GT.O.Ol )GO TO 1 .
SU"':.:O.O
GO TO 2

I SU~=2.0*XCOS*EXP(-ATT/XCOS'
2 SFC~-C:P*SlG*TX*TX.TX*lX

SKY=EP*SIG*rv_,y*TV*TY
Rr.:SUN+SF C+SKY
lrCNCOOE.CC.OIGC TO 3
\';KnE(6.9~;l

3 Wt<ITE(6,9~)T.ME.S~~.SFC.SKy.RR

RETURN
E~O

NEl"

J5 SVAROUTINC BUAIL(~CCD~.TIME~WS.Ts.~NeT,~FLUX)
\6 <:O"l'dOf~ TR.{\R,I-iC.IA.XLAr,XOEC,ATT.TSKV.T13C
37 99 FOf<MAT(3(2X t F5.t),4(2X.F7.4H
\8 96 FORMAl(' l' I i~E ,,5 l S f-i l.E Rl'\'.

• F'NET').
19 DATA EP.SlG.~O.PA,GMA/J.98.0.813E-lO.t.82E.12.1.01~e.Cf,E~5 8£-(41
'0 OATA XKOD,EL,P'.UO,XN/O.84.586.0.0.110.7.3.1".36/

C.**.:CAl.CULATE LOWEN RATIO 'NO DERIVATIVE••••
il TX=TS+-2.73. It;
'2 aSAT::: (0.6.(.2.[ O/PA; .ext' (-EL.I <lH T X))
'3 S=(r:L/(R*rx*rx))*OSAT
4 AETA:::(X<OO.G~A)/S
5 DIJf:TA:-:(-XKGU.. <,M4/(S*Tx*TX)).(CEL/R)-(2.0.t<TX))

C*." •• (.f,LCULATE L 'VAPU~A T l \It: .=LUX.-.;:t: •••
6 UR=(WS/UO'f.Xh
7 EL~=(4~0.EP.SIG.TX~TX*~X.UR./08ETA

C*.**~CALCULATE S~NSJ~LE HEAT FLUX••••*
8 H=UETA*ELE

C.*•• PSU~ FLUXES FO~ lCTAL.*~ '.
9 HFLUX=H+ELE+RNET
o IF(NCOOE.F.O.O)GO TO 2
I WNliE(6.98)
2 2 WRITE(6.99JTlME.wS.TS.tl,t'LE.RNET.HFLUX
'3 RElURN
" ENQ

SUARQUTJNE RSUTH(NCODE.1IME.Z.TS.E.GALJ
C CMMONTk • UR, HC •TB. XL AT t XOEC. AT i • T S1< Y • T Be
01 MCNS I ON T{ 10 J )
DATA PI,RHO.CP/3.14159.I.O.I.o/

99 FORMAT(10(lx,F7~3)

98 FORMI\Tt • •••• SOLAR lIME:::: ',F5.1)
c •••••CO~vERT TOP A~O OCTTO~ ~AOJf TO CM.*~.

RT=TR4:1 00.0
Rf}=8R*IOO.O
OE.L=RT-R6
R X=RfH( Z"HC Jt.OEL
Of'::Rx-RU

c •••••CALCVLATC TEMPF.RA1V~E P~OFILE•• *
TO::T5
T Y ;.: TfH T Be ... T I '" E
Tl=(TY-TO)/(SIN(P1 /4 .OJ+COSCPI/4.0t-1.Ot
IF(NCOOE.EO.OIGO TO 2
N=IOO.O"Zl'lO.O
N=N+2
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,

222
223
22.
225
226
227
228
229

230
231

232
233
234
235
236

237
238
239

AA=PI/(4.0*lOO.0*Zt
X=-:-I 0.0
001 t= I. N.l
x=x+ to. Q
l' ( J ) = ( T o-T I )f. 11 • «$1,.,« AA" ( 10 O. o*z-x ) H COS,( A". (l 00.0-z-X) ) )
(:ONTINUE
WFU TE' (6.98) II ME
WRJTE(6,99 JO( It. I:;;l,N)

C •••ktCCNVERT TE~PE~ATVf.iE P4.RAMETERS TO A8S0LUTE •••
2 TOA=TO+273.16

TIA:::;Tl
C*••••CA~CULATE INTER~AL ENERGY WITH A~ALVTICAL ECUATICk~* ••••

F.l=(P!.100.0*ZI3.0)*(DR.OR+3.0.0R.Ra+J.O.Re.~BJ
E2-.16.0*OR*OR/(PI.P!)'*1PJ*COS(Pl/4.0)-2.0)
E3:(~·0.DR.RX/PI).(2.0.COS(Pl/••O)-1.O)
E4~RX.RX

E-= (RHO*CP.* «(10 --y 1A) *E 1" (4 .O.Y 1 A*100 .O*Z J t·« E2-e J+E'-) )
C *••• tC ONVERT VOL-U14f TO GALLONS•••

GAL=264.17.El~(I.OE-06)

RETURN
END
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5.5 RAINFALL ESTIMATES FROM GOES IRDIGITAL DATA
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5.5.1 Introducti on

Present methods of obtaining rainfall amount over large areas are
unsatisfactory because rain gauges are placed far apart and their point re­
cords do not reflect true amounts received on the whole ground surface.
Digitized radar data yield more representative isohyets, the area covered is
larger, but the radar system is more expensive to maintain. If a good set
of rainfall data is needed over a large area and through a long time period,
such as for water resource research and/or conservation, theh other methods
need to be explored and employed. One method which has been worked out and
applied by researchers is to use enhanced geostationary satellite imageries
to obtain rainfall estimate. The method employed here wa~ originally develop­
ed by Scofi e1d and 01 i ver (1977). The purpose here is not to develop the'
method but to evaluate the feasibility of applying the method to obtain
good representative rainfall for the State of Florida.

5.5.2 Method of Scofield and Oliver

The method developed by Scofield and Oliver (1977) is based on the
empirical relationship that in convective cumulus clouds, there appears to
be a correlation betw~en 1) the cloud top brightness temperatures, 2)-the
area, and 3) the temperature gradient to the amount of ratnf~ll. Themethod
traces temperature isotherms on digitized or enhanced GOES imageries. Hourly
and half-hourly data should be used for best results. Rainfall amounts are
estimated according to the temperature, to the size of the area, ·and.whether
the area is increasing or decreasing in size. Lower temperatures, larger
areas, and the steeper temperature gradients all indicate a larger amountof
rainfall. The method can best be summarized in the following two flow'dia­
grams (Figures 5.5.2-1 and 5.5.2-2). The inches of rainfall used in
Figure 5.5.2-2 were from Scofield and Oliver and were used to estimate rain­
fall for both interior U.S. and in the Florida area. This set of figures
should be checked carefully to insure: that they apply to the atmospheric
conditions of Florida. Tunderstorms in the moisture-laden subtropical climate
of Florida may produce rainfall rates quite different from thunderstorms in
the interior U.S.

5.5.3 Data Analysis

GOES IR digital data for August 30, 1978 were obtained from NOAA/NESS.
The following hours were available: 0100, 0500~ 0600, 0700, 0800, 0900, 1000,
1100, 1200, 1500, 1600, 1700, 2100Z (GMT time). Digitized radar rainfall
data (24-hour totals) for the same date as above were obtained from NOAA at
Miami for the area south of Lake Okeechobee. The purpose was to compare
rainfall estimates from GOES data to the radar rainfall data. The GOES data
showed that from 1500 to 1700Z clouds were developing in south Florida and
areas of lowest temperatures were increasing in size. The 2100Z map showed
that cloud top temperatures were not as cold and its coldest area had also
diminished in size. Thus the missing hours (1800 - 2000Z) turned out to be
crucial hours, therefore, no conclusion or estimates of rainfall were pos-
sible from the given set of data. .
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~
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Fig. 5.5.2-2 Flow diagram showing steps to obtain rainfall
estimates from satellite imager;es~ Part 2.
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Table 5.4.3-1 Temperature table showing scales used and temperatures represented.

TEMPERATURE (oC)

SYMBOL SCALE A SCALE B SCALE C SCALE D

W W W W W
A 41.8 17.3 - 7.2 -32.2
B 41.3 16.8 - 7.7 -33.2
@ 40.8 16.3 - 8.2 -34.2
D 40.3 15.8 - 8.7 -35.2
E 39.8 15.3 - 9.2 -36.2
F 39.3 14.8 - 9.7 -37.2
G 38.8 14.3 -10.2 -38.2
H 38.3 13.8 -10.7 -39.2
I 37.8 13.3 -11.2 -40.2'
J 37.3 12.8 -11.7 -41.2
K 36.8 12.3 -12.2 -42.2
L 36.3 11.8 -12.7 -43.2
M 35.8 11.3 ~13.2 -44.2
N 35.3 10.8 -13.7 -45.2
0 34.8 10.3 ";14.2 -46.2
p 34.3 9.8 -14.7 -47.2

Q 33.8 9.3 -15.2 -48.2
R 33.3 8.8 -15.7 -49.2
S 32.8 8.3 -16.2 -50.2
T 32.3 7.8 -16.7 -51.2
U 31.8 7.3 -17.'2 -52.2
V 31.3 6.8 -17.7 -53.2
& 30.8 6.3 --18.2 -54.2
X 30.3 5.8 -18.7 -55.2
Y 29.8 5.3 -19.2 -56.2
Z 29.3 4.8 -19.7 -57.2
1 28.8 4.3 -20.2 -58.2
2 28.3 3.8 -20.7 -59.2
3 27.8 3.3 -21.2 -60.2
4 27.3 2.8 -21.7 -61.2
5 26.8 2.3 -22.2 -62.2
6 26.3 1.8 -22.7 -63.2
7 25.8 1.3 -23.2 .,64.2
8 25.3 0.8 -23.7 -65.2
9 24.8 0.3 -24.2 -66.2
0 24.3 -0.2 -24.7 -67.2
> 23.8 -0.7 -25.2 -68.2
< 23.3 -1.2 -25.7 -69.2
% 22.8 -1.7 -26.2 -70.2

* 22.3 -2.2 -26.7 -71.2
21.8 -2.7 -:27.2 -72.2

; 21.3 -3.2 -27.7 -73.2
0 20.8 -3.7 -28.2 -75.2
( 20.3 -4.2 -28.7 -75.2
) 19.8 -4.7 -29.2 -76.2-

= 19.3 -5.2 -29. 7 -77.2

+ 18.8 ';"5.7 -30.2 -78.2
II 18.3 -6.2 -30.7 -79.2
g 17.R -(l.1 -'n.2 -80.2
"

C C C C C
~-_ ....._--~---.,-_.._..~ ... ,.--,---_.....~.__._---,,~ ..~~..-_ .....-~-_ ..--~ ......._---_._----~.
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To obtain rainfall estimates it is necessary to read the digital magnetic
tape using a program which will further separate the data into temperature
ranges shown in Table 5.5.3-1. Cloud top temperatures of interest for esti­
mating rainfalls ar~ confined to temperature range given in scale D {-32.2 to
-80.2°C}. Scale C helps to define the shape of the entire cloud, scales A
and B indiate surface temperatures. The change in area of lowest temperatures
can be followed using scale D. The region of largest temperature gradients,
corresponding to area of largest amount of rainfall, will also show up. Using
guidelines establ ished by Scofield and Oliver (Figures 5.5.2-1 and 5.5.2-2),
rainfall can be estimated. This process can be done manually, but the entire
procedure should be computerized. Half-hourly data stream is best suited for
rainfall estimates because of the intense and short duration of summertime
convective rains.

5.5.4 Other Methods Using Satellite Data

Since the data obtained were inadequate to provide results, some results
of estimating rainfall from GOES data obtained by other authors are shown here.

Attempts were made to estimate rainfall from remote sensing as early as
the 1960s. Early resul ts estimated for many areas of the worl d were reviewed
by Barrett (1974). Rainfall for Florida was estimated using early satellite
data (Follansbee, 19]3). Figure 5.5.3-1 (after Follansbee) was included to
show the result. Case a showed a generally poor estimate whereas Case, b,
showed a generally good-comparison. More recent work (Griffith et ~.,-1978)
compared cloud size with radar echo size to obtain rainfall estimates.
Cloud size and echo size were normalized to the largest cloud size/echo size
in the time sequence when rainfall was to be estimated. Their method is
therefore different from Scofield and Oliver where only GOES data were used.

The results of Griffith et a1. (1~78) showed that estimates over a small
area (180 by 180 miles, Florida Area Cumulus Experiment (FACE) area) agreed
better with groundtruth data than estimates over a larger area (1800 by
1800 miles, centered on Miami). Ten days were compared in the large area
experiment and 8 days were used in the small area experiment. They concluded
that the loss of accuracy in the larger area may be due to groundtruth data
degradation' Of the large area. They also found that the accuracy appeared to
be a function of the number of hours of estimates; individual hourly estimates
showed more scatter than if hourly estimates were cummulated. Figure 9
of Griffith et al. (1978) is included to show this part of "their results
(Figure 5.5.3-2~

A quasi-operational method is available now to provide daily rainfall
estimates for the state of Virginia (private communications, W.A. Follansbee,
Wallops Island, Virginia). Quasi-operational means that rainfall ~stimates

are provided within 48 hours of real time. The method used by Follansbee
followed more closely the work of Scofield and Oliver (1978) than other
methods. Much of the work has only been documented informally, so no refer­
ence is available.
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5.5.6 Conclusions

The brief discussion of research on rainfall estimates by Follansbee
(1973) and Griffith et!l. (1978) using satellite data, indicate that the
methods are promising but accuracies are variable. Convective rain systems
frequently produce intense, localized, and short-duration rainfall. Merging
of clouds also has a tendency to increase the amount of precipitation. The
use of satellite data alone to interpret areas of most intense rainfall in
a cloud system is difficult because there has been no work correlating rain­
fall amounts on the ground to areas within a cloud. The variable accuracies
obtained may be related to this lack of knowledge. With a set of good
groundtruth data it may be possible to deduce the area of rainfall by examin­
ing the data carefully and over a longer time period. Also, empirical rela­
tionships estimated for rainfall amounts may need further refinements. The
maritime climate of Florida may need a slightly different set of parameters
than continental climate. To obtain better accuracy, the estimates of rain­
fall may need to be evaluated on a long term basis, as is being done in the
state of Virginia.

The needs to develop a program to estimate daily rainfall for Florida
are 3-fold: 1) the large percentage of rainfall from scattered convective
cumul us clouds duri ng the ra i ny season where much of the preci pi tation reach­
ing the surface will not be recorded (or possibly overestimated) due to
1imi ted number of ra in gauges, 2) the dependence of shallow ground water
supply on direct and timely rainfall, especially in south Florida where the
problem may become more critical because of increasing population and water
'use, 3) the extensive agricultural areas and the need for irrigation water.
The potential use for the satellite data is that the problem of accurately
knowing rainfall inputs can be alleviated when a daily rainfall map is pro­
vided~ The map will provide information for the hydrological cycle, water
use, water management, drought, and flpod predi ction. .

An added advantage is that major developmental work for rainfall esti­
mates using GOES data have now been developed, muchof it by W.A. Follansbee
at Virginia (private cOllll1unication). IFAS/UF now has the cabability to
receive sectorized IR GOES data directly over phone lines. Thus, real time
data could be obtained and an operational system could be instituted with
minimal effort and cost.
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5.6.1 Remote Sensing Data Collection

5.6.1.1 Equipment

In collecting the remotely sensed data ~or the evapotranspiration measure­
ments, KSC utilized the following equipment:

a. Electronic Scanner: A Daedalus DS-1250 Scanner with two thermal
channels (3 to 5 microns and 8 to 14 microns) and a ten channel head
(0.38 microns to 1.1 microns).

b. Aircraft: Twin engine Beechcraft C45H with 450 horsepower Pratt and
Whitney engines and a cruise speed of 160 knots. Range is 600 nauti­
cal miles, ceiling is 12,000 feet and maximum useful equipment payload
is 1079 pounds.

5.6.1.2 Test Site location

The test site sampled by aircraft remote sensing lies north of lake Okee­
chobee and encompasses the Taylor Creek watershed. The site ;s 16 miles long
and 5 miles wide and is defined by the following coordinates:

27°25'
81°02 1 30"

27°25'
80°47'30 11

27°20 1

80°47'30"
27°20'
81°02 1 30"

a. April 26: 11:45 am - 12:45 p~ EST, 4500-foot altitude, 6 flight lines,
IR and multispectral, black body range 70° ~ 106°

b. April 26: 2:00 pm - 2;35 pm EST, 8000-foot altitude, 3 flight lines,
IR and multispectral, black body range 70° - 106°

c. April 26: 3:48 pm - 4:12 pm EST, 8000-foot altitude, 3 flight lines,
IR and multispectral, black body range 60° - 96°

d. April 28: 12:20 am - 1:06 am EST, 8000-foot altitude, 6 flight lines,
IR only, black body range 30° - 66°

e. April 28: 11 :10 am - 12:04 pm EST, 4500-foot altitude, 6 flight lines,
IR and multispectral, black body range 72° - 108°.

In addition to this scanner data acquired by the KSC aircraft, at KSC's
request the Florida Department of Transportation covered the test site with
aerial color infrared film (Kodak 2443) on May 11,1978, to document ground
cover .. The flight was made at 9000 feet with 3 flight lines from 12:1~ pm to
12:42 pm.



- 5.6-7 -

5.6.1.4 Second Data Collection Mission

The second data collection mission was initiated late on October 16 and
concluded on October 17 , 197B (times are converted from EDT to EST). The
aircraft flights made during this mission are listed below with pertinent
fl i ght data.

a. October 16: 11:26 pm - 12:13 am EST, BOOO-foot altitude, 3 flight
lines, IR only, black body range 36° - 72°

b. October 17: 9:32 am - 10:22 am EST, BOOO-foot altitude, 3 flight
lines, IRand multispectral, black body range 54° - 90°

c. October 17: 12:15 pm - 1:30 pm EST, 3500-foot altitude, 6 flight
lines, IR and multispectral, black b09Y range 64° -100°.

As on the first mission the Florida Department of Transportation, at
KSC's request, covered the test site with aerial color infrared (Kodak 2443)
photography to document ground cover. The fl ight was made on October 26,
197B, at 12,OOO-foot altitude with 3 flight lines acquired from 10:14 am to
10: 50 am EST.

Selected flight lines of the thermal scanner data in color film form
together wi th color infrared aeri a1 photogra phy flown by the Fl or; da Depart­
ment of Transportation have been provided to IFAS for analysis. In addition,
some analysis of the thermal scanner data in digital tape format has been
done by IFAS on the Image 100.

5.6.2 Evapotranspiration Calculations

5.6.2.1 Energy and Evapotranspiration

Evapotranspirati on (ET) is the combi ned process of (a) evaporati on from
internal plant surfaces (and diffusion of water vapor into the atmosphere
mostly through stomata) and (b) direct evaporation from the soil. Evapotrans­
pi ration from the earth' s surface to the atmosphere can be regarded as both a
mass flow process and an energy flow process. Asa mass flow process, it
depends upon the gradient of vapor concentration (~e) between two points in
the water vapor flow continuum, and the resistance(r) to vapor flow between
those two points.

Flux a; ~e
r (5.6-1 )

As an energy flow process, the flow of water vapor from anevaporati ng
surface presupposes that about 2.43 kJ/cm3 (580 cal/cm3 ) of energy (at 25°C)
was required to produce the vapor from liquid water. This energy could be
supplied from internal storage, by radiation, or by convection from the atmo­
sphere. As an energy flow process, evaporation ;s usually expressed as latent
heat flux density. These two terms, evaporation and latent heat flux density,
will be used interchangeably in this section (5.6).
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The energy balance equation for latent (~E), sensible (H), net radiant
(Rn), photochemical (AP), and storage (5 and B) energy flux densities over a
terrestrial surface can be written as follows.

Rn = ~E + H + AP + 5 + B (5.6-2)

The two storage terms are actually equivalent flux densities of energy into
(or from) the soil, S, and into (or from) plant biomass, B. The flux of
energy into the plant bi omass is usua11 y small and can be ignored. Over a
daily cycle it is negligible since the energy that flows into the plant bio­
mass during the day flows out again at night. Likewise, the photochemical
flux density of energy (photosynthesis) is usually a small part of the energy
budget and can be ignored also. The most efficient plants utilize about 6%
of incoming solar radiation for photosynthesis, but for most plants the per­
centage utilized is much lower.

For most purposes, it is adequate to use the simpler energy balance
equation:

5.6.2.2 Theory

Rn = ~E + H + S. (5.6-3 )

To develop a complete remote sensing technique for detenmining evapo­
transpiration over an area, we first need methods for partitioning Rn into its
components of ~E, H, and S.

We also need to consider the time-scale over which measurements will be
taken or averaged, or the time period that a set of measure~ents will repre­
sent. Since evaporation, sensible heat transport, and soil heat flux are
highly dependent upon "instantaneous" conditions, any estimates or measure­
ments that cover whole-day inputs will be subject to uncertainties about how
these inputs were distributed throughout the day.

Another problem is the space scale. Evapotranspiration from a large,
uniformly vegetated surface can vary spatially depending on cloud cover
patterns, which will affect not only the spatial net radiation inputs but
also the spatial partition of the energy balance components at the ground
level. When the vegetation distribution varies, the above space scale resolu­
tion becomes an even greater problem.

A procedure was outlined in the response to this proposal to develop a
method for computing Rn as a function of radiation measurements by satellite.
This procedure is enclosed here, although the objectives were not accomplished •.

5.6.2.2.1 Proposed Method of Determining Net Radiation.

The most important parameter affecting evapotranspiration is net radia­
tion (Rn) since energy is required to evaporate water. For a well watered
surface, nearly all the Rn goes into ET. Rn is hard if not impossible to
obtain over large areas with conventional ground measurement devices. Satel­
lite data, however, can assist significantly in determining Rn.
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Rn = QS - Qsr + Qa -Qbs (5.6~4)

Equation 5.6-4 shows that net radiation (Rn) is made up of downward solar
radiation (Qs) minus upward reflected solar radiation (Qsr) plus downward
thermal radiation from the atmosphere (Qa) minus upward thermal radiation leav­
ing the surface (Qbs).

Solar Radiation (Qs): Recent work has shown a good correlation for rela­
tionships between Qs reaching the surface and cloud brightnesses determined
with hourly GOES visible data. Insolation (Qs) is defined as the rate at which
direct and scattered solar radiation is incident upon a unit horizontal surface.
A clear midday value for Qs in Florida could be 105 mW/cm2 (1.5 cal/cm2Imin).
Daily solar radiation could be estimated to better than.:!=. 1.3 MJ/m2
(2: 30 ca1/cm2 )in a Great Plains Experiment (Tarpleyet ~., 1979).

Visible solar radiation incident on the Earth is either reflected to
space, absorbed in the atmosphere, or absorbed by the earth's surface. Surface
insolation, the quantity of interest, is a function of incident solar radiation
and the amounts of energy refl ected to space and absorbed by the atmosphere
(Tarpley et ll., 1978).

The fraction of incoming radiation that is reflected to space is primarily
controlled by cloud amount and cloud thickness, both of which can be estimated
from satellite data. Cloud amount in an area can be computed by the two­
threshold method (Shenk and Salomonson, 1972) in which the number of pixels in
clear, partly cloudy, and cloudy classes are weighted to yield fractional cloud
cover.

If the partly cloudy class is assumed to be 50 percent cloud covered, then
the clo~d fraction, C, is expressed by:

( 5.6-5)

or,

( 5.6-6)

where N is the total number of pixels in the target area, and Nl, N2, and N3
are the numbers of pixels in the clear, partly cloudy, and cloudy classes,
respectively.

The brightness of a clear scene changes continually over the course of a
day because of changj,ngangles of illumination. The clear threshold is also
a function of the illumination angles and can be obtained by regression. The
variables in the regression equation are local solar zenith angle and the local
azimuth angle between the sun and satellite.

Another cloud parameter that can be cal cu1ated is mean cloud bri ghtn~ss.
This can be determined by averaging all pixels equal to or brighter than the
cloud threshold. Mean, target brightness will also be computed as another
measure ,o'f reflected radiation.
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The amount of incoming radiation that is absorbed in the atmosphere is
controlled by cloud cover, atmospheric moisture, dust and the atmospheric
mass traversed by the beam. Precipitable water and surface pressure are avai 1­
able from the National Meteorological Center (NMC); these two quantities,
together with the satellite-derived cloud characteristics, should provide
enough information to account for radiation absorbed by the atmosphere. The
precipitable water and surface pressure can be accessed from NMC fields, whose
resolution is about four degrees at mid-latitudes, lower than the one-half
degree grid used for the Grea t Plains.

Reflected Solar Radiation (Qsr): Qs averages about 70 mW/cm2
(1 ca1/cm2/min) during much of the high ET period of the day and wavelength
band ranges from 0.3 to 3.0 ~m. Some of this solar radiation is reflected
from the surface. The TIROS-N and NOAA-A satellites have sensors ;n 2 wave­
length bands which measure the reflectance in the 0.55 to 0.7 and 0.7 to 1.1 ~m

intervals. Qsr can be determined by combining the energy reflected in these
2 bands. Thus, it is now possible to characterize the reflectance of large sur­
faces with 1 km resolution using satellite data. This characterization would
only be necessary once during each season. Thus one can wait for ideal condi­
tions under which to characterize Qsr which ranges from 5% for organic soil to
between 10 to 25% for vegetation and up to 50% for sandy surfaces.

Thermal Radiation (Qa, Qbs): Thermal radiation from the atmosphere Qa and
emitted from the surface Qbs is in the wavelength range of 3 to 100 pm. Qa
with tropical atmospheric conditions might average 35 mW/cm2 (0.5 cal/cm2/min)
during the day and night. The component can be obtained, if the sky is clear,
from atmospheric sounding information obtained from satellites.

From knowledge of the air temperature profiles and water vapor profiles,
the long wave radiation from the sky can be calculated. All models are based
upon the methods initially outlined by Greenfield and Kellogg (1960), where the
atmosphere is divided into a set of parallel slabs. The radiation coming from
a slab and being attenuated by the intervening atmosphere is given by:

(5.6-7)

where A is the particular wavelength being considered, T1 is the temperature of
the 1th layer, Tn is the transmissivity of the atmosphere from the bottom of
the layer to the ground, T1 is the transmissivity of the 1th layer and J Ais
the Planck or Blackbody function. The air temperature profiles are needed to
calculate Jx(Tt ) at each layer. The water vapor profiles are needed to obtain
the transmissivities.

The model must then add the contributions of each layer and then integrate
over the hemispheric solid angle.

The transmissivities have been tabulated in the well-known work of
Elsasser and Culbertson (1960). But several improved measurements have been
made over the years (see for example Davis and Viezel, 1964).

Also, an identical calculation must be made for carbon dioxide and ozone
but the C02 profiles remain fairly constant unlike those of water vapor.
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There· is at· present significant research going on in methods for extract­
ing these various profiles from the satellite data itself although the
accuracy is somewhat questionable (see Weinreb, 1977).

If the sky is not clear, then estimates of the value ofQbscan be obtain­
ed from methods outlined by Koberg {l958L Qbs can be obtained from surface
temperatures and has a value of 45 mW/cm2 (0.64 ca1/cm2/min) at 25°C. With
just 2 clear passes during the day and a knowledge of the soil water, crop
conditions, and air temperature, surface temperatures for the entire day can
be estimated . Under well-..wateredconditions the surface temperatures of tall
vegetation is seldom more than 2 to 4°C different than air temperature. Sur­
face temperatures even for dry conditions under cloudy skies and low radiation
loads are not greatly different than air temperature. A 5°C surface tempera­
ture erro~ results in ~n error of 2.8 mW/cm2 (0.04 cal/cm2/min).

5.6.2.2.2 Energy Balance Partition and Evapotranspiration Measurements

Since "the pioneering work of Penman (1948) on the physics and micro­
meteorology of evapotranspiration, considerable theoretical advances have been
made to refine the description of the diffusion of water vapor in plant
canopies. [see e.g., Monteith (1965), Tanner and Fuchs (196B), Lemon et ~.
(1971), Shuttleworth (1976), and Deardorff (1978)]. These formulations differ
primarily in the manner of treating the distributions of sources and sinks of
water vapor with the plant canopy. Monteith treates the canopy as a single
source while Shuttleworth and Lemon et AL. use a multilayer. concept.

In contrast to the theoretical advances, use of theoretical methods for
practical prediction of ET has lagged considerably. In the hydrological model'
of Holtan et Q .. (1974), ETis predicted simply in terms of an adjustment to
pan evaporation. The reliability of such coefficients ;s quite doubtful due
to the variability of the coefficients with vegetation type, stage of growth
and meteorological conditions~ In Florida, Bartholic and Buchanan (1976) have
shown that pan coefficients for peach trees may vary between 0.2 and 0.8.

The difficulty in using more theoretical treatments in practical situa­
tions arises from the detailed measurements necessary to implement the models.
Shuttleworth (1976) has recently commented on this problem:

lilt is easily seen that, even in one dimension, the
general description of the vegetation - atmosphere inter­
action ;s very complex, perhaps too complex for direct
practical application in any predictive sense ... [This]
implies that the prediction of evaporation might always
have to rely on simplified and less precise treatments."

Our approach is to use evaporation techniques or models that (a) are
based on physical approaches as much as possible and that (b) can us~ remotely
sensed data for input coupled with data from a relatively sparce ground net­
work. Remotely sensed surface temperature is the centra1, focal parameter.

; Second, we. want to rely on energy balance techniques as much as possible, and,
if possible, avoid aerodynamic techniques that would require complicated wind
profi 1e measurements over di fferent terra i n at di fferent times of day. Thi rd,
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. we want to avoid methods that require input of leaf stomatal resistance (or
canopy resistance of water vapor) because this would require extensive observa­
tions on vegetation.

Models of ET: Two physical models are the resistance-energy balance
model (e.g., Heilman and Kanemasu, 1976; and Verma et al., 1976) and the com­
bination (Penman Type) model (e.g., Tanner and Fuch~T968). Common inputs to
these two models are net radiation, Rn, surface temperature, TS,air tempera­
ture at a reference height,Ta, wind speed, u, and soil heat flux, S. One
form of the resistance-energy balance model was successfully tested to compute
£T (£E) of sorghum, millet, and soybean as the residual in equation 5.6-3 by
Verma et ala (1976) and Heilman and Kanemasu (1976). The combination model
(Tanner-and Fuchs~ 1968) calculates ET by eliminating temperature and tempera­
ture gradients as explicit parameters. Both models are derived directly from
the energy balance equation (Equation 5.6-3).

The Resistance-Energy Balance Model: The energy balance equation ;s
(Equation 5.6-3):

Rn ::: H + .Q.E + S (5. 6-3)

where H ::: sensible heat flux, £E (=ET) = latent heat flux, and S = soil heat
flux.

The atmosphere gradient expressions near the earth's surface for Hand £E
are:

M 1M (e - e )w a d~ p.Q.E K . 2 1
.Q.E ::: - p.Q. P Kw dZ = - --p-- w (Z2 - Zl)

(5.6-8 )

(5.6-9 )

where the subscri pts "2" and "1" refer to the hei ghts above the ground, Z, Tis
temperature, e is vapor pressure,KH and Kw are turbulent eddydiffusivities
for heat and water vapor, respectively, p 1S atmospheric density, Cp is atmo­
spheric heat capacity, P is atmospheric pressure, .Q. is latent heat of vapori­
zation of water, and Mw/Ma = E is the ratio of molecular weights of water vapor
and dry air.

Now if the turbulent diffusivities for heat and water vapor are the same~

then the ratio of H/£E, the Bowen ratio, S, can be expressed as:

_H _s?'p(T2 -Tl ).
s - £E - £ ~ (e

2
- e

1
)

The latent heat flux density can be expressed in terms of S as:

Rn - S = £E + H = £E (1 + S)

£E - Rn - S
- 1 + S

(5.6-10)

(5.6-11 )

(5.6-12 )
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It would be desirable to use the Bowen ratio - energy balance approach direct­
ly, but there is no way to measure vapor pressure and T in the a; r with remote
sensing. We can, however, measure leaf surfate temperature, Ts , with remote
sensing techniques and compute the saturation vapor pressure, es(Ts ).

It would be desirable to use a Bowen ratio approach indirectly with

~ P (Ts - Ta)
S = l £ (es(T

s
) - e

a
) (5.6-13)

where ea and Ta can be measured at weathershelter height, Ts measured from
remote sensing, andes(Ts ), the saturation vapor pressure at the canopy sur­
face, computed from Ts . However, the leaves of the plant canopy introduce a
stomatal diffusion resistance not found for bodies of water or wet soil sur­
faces.The energy balance for a leaf (neglecting photochemical energy of photo­
synthes is) can be given by:

(5.6-14)

where the first term represents sensible heat flux, the second term represents
latent heat (water vapor) flux, ra is the aerial diffusion resistance and rs is
the stomatal diffusion resistance. This equation can be applied to a canopy of
leaves.

(5.6-15 )

We will refer back to this equation later.

Actually, the boundary layer resistance component of ra for water vapor
transport is about 0.9 times that for sensible heat transport as derived by an
analysis from Thom (1972), but we simplified and considered them equal in this
report. Also, the values would be twice as large for vegetation with stomata
on only the lower leaf surface, rather than on both leaf surfaces, since
boundary layer transport of water 'vapor would occur on only one side ..

The resistance-energy balance method could use air temperature measure­
ments from a hygrothennograph or other instruments in standard meteorologlca1
shelters along with net radiation and surface temperature from satellite obser­
vations. The resistance-energy balance is a direct physical model derived from
substitution into the energy balance equation: .

ET = tE = Rn - S - pC
P

(5.6-16 )

The sensible heat flux density equation is:

H ::: pC
p ( 5.6-17)
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for transport over a surface within the surface turbulent aerodynamic boundary
layer.

. The aerial diffusion resistance, r , consists of at least two parts, the
resistance across the surface of indiviaual elements to the turbulent flow
(aerodynamic boundary layer resistance), rb, and the resistance from the low­
est level turbulent flow to the reference measurement height, rt. This latter
resistance is defined by:

(5.6-18 )

where To is the temperature at the roughness height, ZOo It could be given by
integrating the eddy diffusivities for heat from Zo to a reference height, Z..

(5.6-19 )

Eddy diffusivity for momentum increases linearly with height as Km = kU* Z,
where k = von Karman's constant and U* = friction velocity. So if KH z Km,
then:

(5. 6-20a )

(5.6-20b)

From the logarithmic wind speed profile law for neutral conditions:

(5.6-21 )

Therefore,

(5.6-22)

Another resistance term is the resistance across the aerodynamic boundary
layer defined by:

(5.6-23)

The values of rb can be calculated for a single leaf surface as:

(5.6-24 )
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where L is the width of the leaf in em and U is the wind speed near the leaf
in em/sec (Monteith, 1965). For two surfaces in parallel t the coefficient
is 0.65. For a canopy of leaves of leaf area index, LAI, acting in parallel,

r =~ 0 65 (h) 1/ 2
b LAI· U (5.6-25)

In actual conditions, the leaf-to-air transport of leaves interfere with each
other, so the effective resistance is not as low as equation 5.6-24 would
suggest. Therefore, ashel ter factor, SF, must be introduced (Thom, 1971).

Heilman and Kanemasu (l976) computed an aerodynamic resistance based on
(Te - Ta ), where Tc was the canopy temperature determined from copper-constantan
thermocouples attached to the underside of leaves. Their resistance tenm, rH,
was based on a turbulent analog which used Tc as the mean surface property.
This ana 1ogwas used to predict a heat transport roughness 1ength t ZH , that was
smaller than the, aerodynamic roughness length, Zp,. The turbulent component of
aerial resistance rt and the "individual element' component to aerial resis­
tance rb can .be approximated by plotting air temperature as a function of .
height (on a log scale) and extrapolating to la, the roughness length param­
eter, the height at which wind speed extrapolates to zero. This would yield
a temperature, To. From sensible heat flux density, the defining expression
for rt is:

(5.6-26)

The bulk boundary layer resistance would be defined by:

(5.6-27)

Here rB is used instead of rb to imply that this resistance would be determined
for an ensemble of surfaces rather than for an individual leaf.

Val~es of rt,rB' and ra could be investigated under a range of conditions
of wind speed, surface roughness, atmospheric instability, temperature, soil
moisture, and radiation regimes, and vegetative surface conditions, to deter­
mine relevant controlling factors. For a given vegetation type, ra could be
used to compute H and hence tE and evapotranspiration from equation 5.6-16 for
other similar surfaces where ground truth H cannot be measured.

Anothermet~od for computing ra depends on atmospheric stability, surface
roughness, Zo' w;ndspeed U at height Z, and temperature, T. Atmospheric
stab; 1i ty may be characterized through the Ri chardson number, Ri:

Ri = g(~) =
2

e(~~)
(5.6-28 )
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where 9 is the acceleration of gravity, and e is the absolute air temperature.·
Similarity theory along with empirical data for profiles of temperature and
velocity in the turbulent planetary boundary-layer are summar; zed by Paulson
(1970) and Businger (1973).

T .. - T
a 0 =1 [~n(I-) - ~l]

T* k Zo

u* = ku/[~n(~ ) - ~2]
o

where ~l and ~2 are known functions of Ri, and T* is H/(pCpU*).
From these relations, ra may be calculated as:

(5.6-30)

(5.6-31 )

(5.6-32 )

Thus, if To and Rn are known through remote sensing and Ta and U are known
from ground stations, ra and H may be calculated. Estimation of S will be dis­
cussed below. For tall canopies Z is replaced by (Z - D) where D is the dis­
placment height (Rosenberg et ~., 1975).

Combination Model: Combination models are those that combine the energy
balance with a bulk aerodynamic formula. They have surface temperature elimi­
nated as an explicit variable with vapor pressure substituted through the slope
of the saturation vapor pressure vs. temperature relationship. From equa-
tion 5.6-15, Tanner and Fuchs (1968) calculated £T as:

( pC
ET =Y + ~) Ep -~ (e (T ) - e )

~ ~ ra s s a

where,

~ pCp
Ep = (~+Y) [(Rn - S) + ---- (e (T ) - e )]h ra s a ··a (5.6-33 )

where A is the slope of the saturation vapor pressure, e~, vs.temperature
curve, y is the pychrometric constant (= Cp P/£~), es(Ts } is the saturation
vapor pressure at the temperature of the surface, and ea is the vapor pressure
of the air at some reference height. In this method, ra would be calculated.
as described earlier. This method requires the additional input of vapor
pressure at a reference height from a ground station to provide ea.

This combination method can be derived from equation 5.6-15 with the
stomatal resistance included. This equation becomes (Monteith, 1965):

ET = Ep/{l + [r/(h + y)] (rs/ra)} .

This equation reduces to Ep if rs is zero.

(5.6-34 )
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( 5.6-36)

(5.6-37)
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There would appear to be no advantage in using the combination model
rather than the resistance-energy balance model for remote sensing applica­
tion. Indeed, both models are mathematically interchangeable, and the com­
bination model requires bulk stomatal resistance and air vapor pressure.
Bulk stomatal resistance is difficult to obtain. Also, saturation vapor
pressures must be obtained. Both methods require surface temperature.

Bulk stomatal Resistance: From equation 5.6-15 the .tE component is:

.tE = p~e (es(Ts ) - ea)
P ra + rs

Once .tE is determined from any model, the bulk stomatal resistance can be
estimated, assuming ra for vapor flux is the same as r for sensible heat
flux. The rt component should definitely be the same 10r both sensible heat
and latent heat transfer. The rB component may be slightly different due to
leaf stomatal distribution, canopy source differences, and differences in
water vapor vs. heat di ffus ivity.

_ p.te (es(Ts ) - ea)
rs - -p- ~E - ra

Bulk stomatal resistance can also be estimated from equation 5.6-34.

r = r (~- 1) (6 + X)
sa' .tE X

Other models: Evapotranspiration estimates can be used to develop co­
efficie,nts for the Priestley-Taylor (l972) model (i .e., Kanemasu et ~., 1979).

(5.6-38 )

In this model, only net radiation would be needed. Actual ET is calculated as
an adjustment to the ET that would occur under saturation conditions. This
would be a simple, useful model if a were known for each vegetation condition
and each climate condition.

The Blaney-Criddle Method has been used by Rogers (1976) to estimate
irrigation water requirements of crops in Florida. He has ,adapted the SCS
Technical Release 21 approach by adjusting the period of day-length to the
period of available sunshine (direct-beam solar radiation) and has improved
the predictability compared to Ft. Lauderdale lysimeter studies by Stephens
and Stewart. The scan of direct-beam duration (area of cloud free surface)
is a remote sensing application which would be useful in applying the Blaney­
Criddle technique to large areas of uniform vegetation.

Stephens and Stewart (1963) developed insolation relationships that can
be compared with predicted ~vaporation rates.
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5.6~2.3 Materials and Methods

Micrometeorological measurements, evaporation chamber measurements, and
a vegetation survey were conducted for use in remote sensing ET calculations, .
and to verify remote sensed data.

5.6.2.3.1 Ground Truth Instrumentation and Measurements

A site was chosen in an extensive pasture land use area in the Taylor
Creek Watershed, Okeechobee County, Florida. Features of this site will be
shown in maps of thermal images later in this report.

An ll-m instrumentation tower (Figure 5.6-1) was located 100 m NE of a
concrete block house in a field of Pangola grass. Air temperature profiles
were measured at heights of 0.3,0.6,1,2, 5, and 10 mwith copper-constantan
thermocouples between unasperated, naturally-ventilated, white parallel disc
radiation shields. Incoming global solar radiation (O.3 to 3 vm) was measured
with an Eppleyl pyranometer and reflected solar radiation was measured with an
inverted Eppley pyranometer (Model No. 8-48). Net radiation wa~ measured with
a SWissteco net radiometer (Model No. S-l). Another Swissteco net radiometer
was mounted with a bottom cover to shield upward radiation. All these radia­
tion instruments were mounted at a height of 2 m. The net radiometers were
slowly flushed with dry air that flowed from a bottle of "Drieritell (or Mag­
nesium Perchlorate).

Wind speed and direction were measured at a height of 10 m with an
R. M. Young cup anemometer and vane system (Model No. 6405). Dewpoi nt tempera­
ture was also recorded at this height with an Atkins dew cell (Model No. 26432­
09) •

At 40 mwest from the main tower, another 6-m tower was erected which held
a precision radiation thermometer (Barnes Model No. PRT-5) at the top. The
precision radiation thermometer (PRT) was aimed eastward at a point on the
ground about 20 m away near a location where soil thermocouples were located.
Soil temperatures were measured at 0, 2.5, 5, 10, 25, and 50 cm depths at
6 locations about 2 m apart.

Access tubes for a neutron soil moisture probe were located near the base
of the main tower. A Troxler neutron moisture gage (Model No. 1651 J was used
to obtain soil moisture as a function of depth. During the experimental phase,
soil samples were also taken to determine soil moisture by volume gravi­
metrically. Water table elevation at this site was measured with a Stevens
Type F recorder. Four instrument shelters were placed at several widely
spaced 1ocat; ons on the Taylor Creek Watershed to house max-mi n thermometers.

IMention of proprietary products is for the convenience of the reader only, and
does not constitute endorsement or preferential treatment by the University
of Florida or NASA.
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Profile Bowen ratio inputs (air temperature and humidity) were measured
with a vertical traversing sensor system (Figure 5.6-2). The sensors consisted
of a fine wire (20-mi l) (or 0.020 11

) thermocouple for air temperature and a
Brady Array sensor (Thunder Scientific Model No. BR 101B) for humidity (see
Bill et a1., 1978). Thie apparatus consisted of naturally-ventilated sensors
mounted between two 15-cm diameter radiation shields. The sensor and shield
assembly was mounted on a swivel that was attached to a V-belt that was driven
by an electric motor. Each cycle of sampling of signals was triggered during
each up and down traverse of the sensors by a 1.5-v pulse through a microswitch
attached to the bottom of the support assembly. The signal sampling times
were controlled by a data acquisition system (Figure 5.6-3). Data were sampled
at the bottom of the vertical traverse, and at 1/3 height, 2/3 height, and at
the top of the traverse. Additional samples were collected at the 2/3 height,
and 1/3 height as the sensor system descended.

Additional routine data collected on the Taylor Creek watershed by the
USDA-SEA-AR Soil and Water Unit at Ft. Pierce were rainfall and water table at
8 locations (identified as Williams, 1 through Opal, 7 on Figure 5.6-4 with the
eighth location not shown), and pan evaporation and hygrothermograph records at
site Raulerson, 3.

Micrometeorological data were collected and recorded by a system control­
led by a Hewlett-Packard 2100 computer with 32 Kmemory, configured with a
HP Model No. 7901Adisc and HP Model No. l2960A disc drive system. The system
consisted of a thermocouple reference junction system for all soil and air
thermocouples. These signals, plus all other signals fed into terminal board
and thence into a HP 2911A crossbar scanner. The crossbar scanner and crossbar
scanner control panel were program-controlled by the HP 2100 computer. Signa"ls
were taken from the crossbar scanner through a HP 2402A digital volt meter (DVM)
to the computer. Output was prograrrmed to appear on a Texas Instruments
(TI Silent 700) thermal line printer and/or the disc. The disc was used both
for program storage and for data record storage.

The programs went through several stages of development. The final version
consisted of a master START program which scheduled several other programs
(e.g., BOWEN, for starting and executing the Bowen ratio system to compute
sensible, latent (evapotranspiration), and soil heat flux on a 1/2 hour cycle,
WEATH, for 1/2 hours data summaries, and WEAT3 for instantaneous summaries at
10-minute intervals beginning 5 min. after the hours). These program listings
are available upon request.

5.6.2.3.2 Aircraft Instrumentation and Measurements

A NASA Modified Beechcraft C45H aircraft, fitted with a Multiple Spectral
Sensor and thermal infrared scanner (MSS/IR), was used to obtain images along
three to six east-west flight1i~es across the upper part of the Taylor Creek
Watershed. When the aircraft flew at an altitude 4,500 ft., six flight lines
were r~quired, and when the ~ircraft flew at 8,000 to 9,000 ft., three flight
lines were used. These flight lines were designated R-l, R-2, R-3, R-4, R-5,
and R-6 for the 4,500 ft. altitudes and B-1,' B-2, and B-3 for the 8,000 to
9,000 ft. altitudes as shown in Figure 5.6-4.
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Flights were made in the Spring (April) and in the Fall (October) of
1978. In April 1978, 5 periods were flown. Table 5.6-1 summarizes these dates
times, and conditions, and relevant flight line data. Part of these surface
temperature data that were obtained were printed on 70-mm color-coded film
strips. ' The total temperature ranges and increments within each color code
are also shown in Table 5.6-1.

On May 11, 1978, color infrared photography was flown by the Florida
Department of Transportation Topographic Office along Flight lines B-1, B-2,
and B-3. Table 5.6-2 summarizes the flight line information.

On October 16-17, 1978, three more flights were made with the NASA
a i rcra ft wi th the MSS/ IR scanner (2326 to 0013 EST at 8000 ft.; 0932 to
1022 EST at 8000 ft.; and 1215 to 1335 EST at 3500 ft.). Color-coded film
strips were obtained with the same temperature range as the records with
temperature increments of 6°F. These aircraft scanner data are summarized
in Table 5.6-1 also.

5.6.2.3.3 Other Ground Measurements

On April 27 and 27, measurements of evapotranspi rat; on from bermudagrass
sod and Pangolagrass sod were obtained in the same vicinity of the meteoro­
logical tower by using an enclosed chamber technique similar to that of
Reicosky and Peters (1977). A Mylar film chamber covering 1 m2 in area and
about 1 m3 in volume was used (Jones and Boote, 1978). The chamber had a fan
mounted within it to give rapid circulation inside. The base of the chamber
was about 6 inches in height and was designed separately so that several bases
could be placed over the sod. The bases had a narrow edge of angle metal so
that it could be set into the soil or sod so that no mass-flow leaks around the
bottom edges would occur. Both the top part and the base of the chamber had
flat horizontal surfaces along the edges with rubber gaskets for seals. When
the top section was placed on the bottom section, they could be rapidly sealed
by clamping with three Il vise-gri pll pliers.

Two base sections were placed on bermudagrass sod and two base sections
were placed on Pangolagrass sod. Evapotranspiration rates were determined by
circulating air from the chamber through an EG &G Model 880 dewpoint hygrometer
to measure dewpoint temperature continuously. Air temperature was monitored
with a Doric 400A digital thermocouple thermometer, and recorded periodically.
Since temperature and humidity rapidly rise within the chamber, the rate of
evaporation was calculated from the initial time rate-of-change in the dewpoint
temperature detected by the dewpoint hygrometer. The rising air temperature
due to the rising plant temperature within the chamber would tend to increase
the leaf-to-air vapor pressure deficits, but the rising vapor pressure as
water evaporated from leaves and soil would tend to decrease the vapor pressure
deficits. (These two effects would be opposite and hence be partly compensat­
ing in the first few seconds after the chambers were sealed in place.)

No chamber evaporation data were taken during the October 17 flights, but
some data were taken later on October 26.
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Table 5.6-1. Taylor Creek Flight line IR Scanner Summary

Scanner Record

Flight .Start End BBl BB2 Alt . Head Gnd. Temp. Temp.
Line Time Time (OF) (OF) (Ft. ) Speed Range Incr.

(EST) (EST) (Knots) (OF) (OF)

April 26, 1978

Rl 1142 1146 700 1060 4500 0900 155
R2 1152 1159 70 106 4500 2700 125
R3 1208 1213 70 106 4500 0900 152
R4 1219 1226 70 106 4500 2700 125
R5 1228 1234 70 106 4500 0900 154
R6 1240 1244 70 106 4500 2700 125

Bl 1404 1408 70 106 8000 0900 150 700 -940 40

B2 1415 1422 70 106 8000 2700 115
B3 1432 1435 70 106 8000 2700 115

B1 1548 1553 60 96 8000 0900 150 60-84 4
B2 1558 1605 60 96 8000 2700 125
B3 1610 1612 60 96 8000 0900 150

April 28, 1978

Bl 0020 0025 30 66 8000 0900 150
B1 0032 0039 30 66 8000 2700 115
82 0048 0053 30 66 8000 0900 130
B3 0102 0106 30 66 8000 2700 110

R1 1110 1116 72 108 4500 0900 135 72-90 3
R2 1119 1125 72 108 4500 2700 132 90-108 3
R3 1128 1134 72 108 4500 0900 140 (Two stri ps)
R4 1139 1144 72 108 4500 2700 136
R5 1152 1158 72 108 4500 0900 132
R6 1222 1225 72 108 4500 2700 135

October 16/17, 1978

B1 2326 2~33 36 72 8000 0900 120 36-.72 6
B2 2348 2355 36 72 8000 0900 120
83 0007 0013 36 72 8000 0900 120

B1 0932 0942 54 90 8000 0900 125 54-72 3
B2 0958 1004 54 90 8000 2700 125 72-90 3
B3 1017 1022 54 90 8000 2700 125 (Two strips)

R1 1215 1224 64 100 3500 0900 125 64-82 3

R2 1238 1244 64 100 3500 2700 140 82-100 3

R3 1247 1255 64 100 3500 090(' . "120 (Two <;tr"i ps)

R4 1257 1303 64 100 3500 2700 125
R5 1326 1335 64 100 3500 Z70° 130
R6 1318 1322 64 100 3500 270°, 130
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Table 5.6-2. Taylor Creek Flight Line Color Infrared Photography Summary.l/

Flight ~xpo-

Fl ight Start End Drift Oirec- Pi ctureNo. sure Stop
Line Time Time tion Start Stop Frames Time No.

(EST) (EST)

B1 11 : 1 5 11 : 18 3R WE 346 355 10 700 4

B2 11:24 11: 29 3W EW 356 366 11 700 4

B3 11 : 32 11 :34 3R WE 368 371 4 700 4

82 11 : 37 11:42 3W EW 372 383 12 700 4

l! Aircraft-42W, Altitude - 9,000 ft., Scale - 111 = 1500', Film type -

Kodak 2443-214-1. Date - May 11, 1978.
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On May 22-23, a vegetation survey was made,ofthe area around the meteoro­
logical test site after thermal images were available for comparison. A
vegetation survey was also made in another area containing a citrus grove.

On October 17, a Raytek Model LC814 radiation thermometer mounted at an
angle onatruck was used to scan temperatures along road traverses (e.g.,
Chen, 1979) from east to west along the genera1 path of the fl i ght 1i nes •

5.6.2.4 Data Analyses

Ground truth data and thermal infrared scenes were ana lyzed to show the
application of remote sensed data to evapotranspiration calculations.

5.6.2.4.1 Ground Truth Micrometeorology

Ground truth measurements of meteorological elements and the Bowen ratio
were made in the spring and in the fallon October 17-20, October 25-27, and
November 2-3. Several interruptions in the records occurred during the early
days of the data, and the quality of the data are described in Table 5.6-3.
The Bowen ratios (ratios of sensible heat flux to latent heat flux) were
computed on about a 2l-mi n schedul e duri ng the spri ng. However, radi at; on
averages and B9wen ratio calculations were· eventually standardizedon 3D-minute
periods, so we decided to standardize all the ET calculationson 30-minute
periods. Most of the radiation data. were for 30-minute periods except as
indicated in Table 5.6-3 for the spring data. The Bowen ratio values for
each 3D-minute period were chosen to closely correspond (fit within the 3D-min
radiation ave'rageperiod) or were interpolated from adjacent values to give
30-minute values for ijse in computing ET.

The soil heat flux density part of the data reduction program in the
field gave erroneous' values during April and May, so we had to extract that
data from 15-mi n i nterva1 or 30-mi n i nterva1 pri ntouts of soi 1 tempera tu re.
We found that' there waS some random variation in the soil temperature at
50 cm (the de~pest level), presumably due to slight variation in the
reference temperature controller. Therefore, we first set the soil tempera­
ture at 50 cm to a constant value (the average) throughout a daytime period,
and adjusted all other temperatures in each profile up or down accordingly.
Then we applied the trapezoid rule to integrate the internal energy changes
in the soil profile, using a volumetric heat capacitance of 1.26 J/cm3/oC
(0.3 cal/cm3/oC) for the soil (Myakka fine sand). The change in internal
energy from one measurement to the next represented the soil heat filux density.
There was still a lot of scatter in the resulting daily pattern of soil heat
flux density (not related to rediation variations), so we then adjusted tem­
perature differences of the bottom two points of the profile to give null
heat flux between those two depths, and then recomputed soil heat flux
density. The procedure was not totally justified, since from the data there
appeared to be a small amount of upward (negative) heat flux in the early
morning hours and a small amount of downward (positive) heat flux by mid­
afternoon; however~ it did smooth the daily patterns.

Soil heat flux densities were plotted as a function of time of day ~ and
smooth curves drawn throuqh the datil!, wj th cons; dera t ion qi ven to tad i at ion
1Gth! cond it ions. Vdllles from thest' SIl\OO th ClH'VeS wer'l:'l Used fOl~ COlllpU t i .1g £T
(1"'111 tIkI 1'llllLttf<lll h,il~ll/('(\ t\<ju,ltinfl,
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lable ~.b-3. Taylor Creek Evapotranspiration Data. Summary of Radiation
and Bowen Ratio Measurement Periods.

Date East~rn.Standard Time1 .. 2
(1978) -----:-j-- --Radl a~l ~n------_ ....~-~-----Bowen Ratlo-

10-mln 15-mln 30-mln

Apr 26

Apr 27

Apr 28

Apr 29

Apr 30

~~ay 2

May 3

Oct 17

Oct 18

Oct 19

Oct 20

Oct 25

Jet 26

Oct 27

Nov 2

Nov 3

0825-1205
1235-1755
1825-1935
2015-2355

0005-1125
0925-2355

0005-2355

0005-2355

0005-1805
1135-2355

0005-1755

0805-1555

0805-1725

0805:"1705

lY30-2345
0000-2000
2330-2345

0000-1715

0915-0945
1145-1915

0700-1100
1145-1200
1345-2345

0000-2230

0000-1730

1500-2329

0001-0100
0900-1530

1200-1900

0700-1100
1630-2330

0000-1330
1430-2200
0000-0800
0800-1930
2030-2330

0000-1030
0930-2330

0000-2330

0000-2330

0000-1800

1130-2330
0000-2330

0000-1600

0900-2330

0000-17UO

none

1256-1424,
1616,
1734.

0931,
1053-1137 ,
1222-1531,
1625-1646.

0929-0950,
1239-1301,
1338-1505,
1547-1843.
0735-1057,
1204,
1419, 1905.

0754-1310
1351-1907.
0803-1249,
1411-1741,
1822-1904.

0839-1024

1000-1330
1330, 1430,
1530, 1630.

none

0900-1700
1330-1700

0730-1630
0730-1600

0900-0930,
1230;
1530, 1730.
0830-17UO

1 Times on April 30-f1ay 3 and October 17 -October 27 were converted from
Eastern Daylight Saving Time to Eastern Standard Time.

See footnotes 2, 3, and 4 on next page.
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Table 5.6-3. Taylor Creek Evapotranspiration Data. Summary of Radiation
and Bowen Ratio Measurement Periods.

Page 2

2 Bowen Ratio data are indicated for values at the end of a 21-minute
period for the April and May data, and at the end of a30-mi nute
period for the October and November data.

3 All lO-minute and 15-minute radiation data were instantaneous, l-scan
values.

4 3D-minute radiation was printed out as instantaneous, l-scan values
on April 26, as l-minute averages at the end of 30-minute intervals
on Apr; 1 27 -May 1, and as 30-mi nute averages of scans taken every
2 minutes on May 2-3 and October 17-November 3.
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Tnc above smoothi ng procedure was necessary because of lack of preci se
enough control of the th(~rmocoup1e reference system because of el ectronic
"noise" in obtaining the lOW-level signals, and because of the small tempera­
ture changes in the 15-min to 3D-min data collection periods.

Wind speed at 10 m, air temperature at 2 m, soil surface temperature, and
solar radiation data were also extracted at 30 minute intervals and converted
to SI units.

5.6.2.4.2 Aircraft Thermal Infrared Scenes

The original plan was to use several of the selected flight line thermal
scenes from film strips to predict distribution of surface temperatures and
distribution of contributions to watershed evapotranspiration. However, we
found considerable distortion in the thermal images when they were compared
with the surface maps. Thre appeared to be variation in ground speed across
the flight lines, particularly when the flight directions were reversed on
adjustment lines (e.g., 270 0 vs 90° heading). Also, we found a turning dis­
tortion toward the east end of flight line during one of the daytime passes.

. The above distortions in the images made it difficult to "cut and paste"
a continuous scene together during one of the flight periods. We next tried
to transpose the color-coded temperature intervals onto another map, but this
process appeared to be highly subjective and tedious. Therefore, we decided
to use two smaller test scenes from Image 100 photographs that were obtained
for the 1110 to 1225 EST flights on April 28 (a pasture scene including the
ground truth site), and the 1404 to 1435 EST flights on April 26 (a scene in­
cluding a citrus grove, scattered areas of trees with dense and sparce stands,
and pastures).

The April 28 pasture scene was obtained about 1222 to 1225 EST, and the
April 26 citrus grove scene was obtained about 1415 to 1422 EST. The scenes
were color~coded by th~ Image 100 to cover cold-to-hot color scales of orange,
blue, yellow, pink, aqua, and black, with tan teingthe out-of-range color
code for the warm side. The temperature increment for the April 26 citrus
grove scene was 6°F, with ranges of 70-76, 76-82, 82-88, 88-94, 94-100, 100-106,
and> 106°F for the above color code sequence, respectively. The temperature
increment for the April 28 pasture scene was 6°F, with ranges of 72-78, 78~84,

84-90't 90-96, 96-102, 102-108, and> 108°F for the above color code sequence,
respectively.

Tracings were made of the areas represented by each color code, and areas
were determined using a Hewlett-Packard Model No. 9864A digitizer system with
Model No. 9830A Programmable Calculator. The actual ground area covered by
each scene was determined by locating landmarks on U.S. Geological Survey
7 1/2 mi nute topogra~hi c maps, and determi ni ng the area wi thi n the borders.
The area was 13.5 km (5.21 mi 2) for the April 26 citrus grove scene (flown at

·8,000 ft.) and 3.82 km2 (1.47 mi 2) for the April 28 scene (flown at 4,500 ft.).
Table 5.6-4 shows the actual and relative areas under each temperature range
of each scene.
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Table 5.6-4. Color Code and Percent Land Area for Surface Temperature Ranges
from Figure 5.6-5 and Figure 5.6-6. Air Temperature at 1.5 m was
25.6°C on April 28 and 24.3°C on April 26.

Color

APRI L 28, 1978. 1222-1225 EST

PASTURE SCENE, 3.82 km2

°C %Area

APRIL 26, 1978. 1432-1435 EST

CITRUS GROVE SCENE, 13.5 km2

% Area % Area
°C Ta11 Pasture

Tan >108 >42.2 23.3 >106 >41 . 1 0 0

102-108 38.9-42.2 24.2

96-102 35.6-38.9 25.1

32.2-35.6 16.5

Black

Aqua

Pink

Yellow

Blue

Orange

90-96

84-90

78-84

72-78

28.9... 32.2

25.6-28.9

22.2-25.6

6.6

2.2

2. 1

100-106 37.8-41.1

94-100 34.4-37.8

88-94 31.1-34.4

82-88 27.8-31.1 12.9

76-82 24.4-27.8 14.6

70-76 21.1-24.4 11.8

0.3

10.8

13.9

19.8

3.2

1. 1

Y/P2

88-94 31.1-34.4

88 31.1

4.7

6.9

1 PK is an unresolved mixture of small areas of Aqua, Pink, and Yellow that
average within the Pink code temperature interval.

2 YJP is an unresolved mixture of borders along the Yellow-Pink temperature
intervals that average near the cutoff temperature (88°F for the April 26
scene) .
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5.6.2.5 Results

Results of vegetation cover analyses, and ET by the Bowen ratio and
Chamber Methods were developed and then used and compared with preditions of
ET based on remote sensed Ts .

5.6.2.5.1 Vegetative Cover Analysis

Two dissimilar areas were chosen for study of plant cover. One area
(primarily in Section 22, T. 35S., R. 35£.), the area in which the meteorological
towers and instrumentation were located, was primarily improved grass pastures
used by grazi ng da i ry cattl e or improved grass uti 1i zed as a hay crop (Fig-
ure 5.6-5). The primary agricultural use in the areas was for dairying. The
other area (primarily in Section 36, T. 35S., R. 34E.) in which some detailed
observations of plant life were made was mostly in a citrus grove (Fig-
ure 5.6-6). Figures 5.6-5 and 5.6-6 are thermal images from an aircraft­
mounted thermal scanner (8-14 ~m) flown at heights of 1.36 km and 2.43 km,
respectively. The thermal data of Figure 5.6-5 were obtained at 1222-1225 EST
on April 28, 1978. The wind speed was 4.4 m/sec, the air temperature was
26.1°C, and the relative humidity was 59% (dew pt. ll.l 0 C). The thermal data
of Figure 5.6-6 were obtained at 1432-1435 EST on April 26, 1978. The wind
speed was 12.1 m/sec, the air temperature was 24.4°C, and the relative humidity
was 59% (dew pt. lO.6°G). These measurements were made ata height of 10 m.
The temperature code of the figures is shown in Table 5.6-4. Vegetation sur­
veys were made on May 22-23, 1978, after thermal images were available for
guidance.

Figure 5.6-5 shows U.S. Highway 441 running north~south through the image.
Otter Creek, a tributary of Taylor Creek, runs northeast-southwest in the
bottom right of the image. Figure 5.6-6 shows State Route 68 running east-west
near the top of the image. Taylor Creek runs from northwest to southeast along
the western edge of the citrus groves;

The effects of high dairy cattle population densities and associated
buildings and facilities are easily seen in the thermal imagery of McArthur
Dairy No.1 indicated in Figure 5.6-5. Irregularly-shaped areas, near barns
where heavy cattle traffic had eliminated plants, appear the warmest (right
center of Figure 5.6-5). A mixture of sand and partially decomposed manure made
up the surface and appeared greater than 42.2°G in the thermal scene. The
staging area near the milking parlor had little or no vegetation and tempera­
tures were in the highest range in those areas.

In areas of vegetation, the physical condition of a given species seemed
to be differentiated in the thermal imagery.. Forexample,Field #2 (Fig-
ure 5.6-5) is primarily Pangola (Di itaria decumbens) except for the west end
which was primarily Bermuda grass Cynodon species}. Field #1 was also Pangola
but was much warmer due to the poor physical condition of the grass.

Fi e1d #1 had apparently been cut for hay and then grazed heavi ly prior
to April 28, 1978. It showed little spring growth and a high percentage of
dead grass stubble. Field #2 of the same species had been cut for hay but
had not been grazed. It was in a healthy growing condition and appeared cooler
on the thermal image (Figure 5.6-5).
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Figure 5.6-5. Infrared image of pasture scene in Taylor Creek Watershed,
April 28, 1978, at 1222-1225 EST. Temperature codes are
given in Table 5.6-4. Photographed from Image 100.
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Figure 5.6-6. Infrared image of citrus grove scene in Taylor Creek Watershed.
April 26, 1978, at 1432-1435 EST. Temperature codes are
given in Table 5.6-4. Photographed from Image 100.
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The Bermuda grass in the soutrywest end of Field #2 appeared cooler than
the adjacent Pangola in the same field. This difference may be due in part to
the more rapid spring growth of the Bermuda grass.

Field #2 also contained a depression with soil type of Placid fine sand
(typical of "flag ponds" or "bayheads") in this area on the southern edge along
the entrance road (Fi gur~ 5 ...6-5). Va'sey grass ( Paspa1urn urv; 11 er Stuev) was
the predominant spec;esaround this wet area with some sedges also present.
Sedges were dominan~~n the. southern s i de of the road around the depression.
The eastern edge ofth;s 'field (along Rt. 441) contained Vasey grass and an
unknown woody shrubif)·. strip parallel to the highway.

~ field 1i3 was~".,iJY grazed mi xtu.re of whi te clover (Tr; fo1i um repens),
Pangola gra.$$,car,pet ·:~ta:$s. (Axo.nopus affini s), and Bennuda grass wi th a few .
other widely scattered species. Some of the vari abil i ty in the therma 1 repre­
sentation of thisfield'was likely caused by higher soil moisture in slightly
lower-lying areas and by heaVily grazed areas. About 1.5 cm of rain had fallen
on the watershed on April 23-24, 1978.

Fields 4, 5, 6, and parts of7 were rather heterogeneous. They contained
patches of grass interspersed with broadleaved weeds and thinner stands of
grass. South and east of these fields was a wet area with woody shrubs as the
primary ground CO'l:er.

The primarys.peci es in Fi el d #4 and Fi e1d #6 (lyi ng to the eas t para 11 e1
and adjacent to U.S. Hi ghway 441.) was Bermuda grass whi ch waS represented as
28.6-3l.l o C in the thermal scene. Patches of Bahia grass on the east side of
Field #4 appeared to be warmer. Rough pigweed (Lachnanthes caroliniana) was
present primarily on the west side.

Field #5 was similar to Field #4. Significant features were a small, dry
depression with little vegetation created 'by cattle traffic around a watering
trough. This area appeared as a circular area ranging from 38.9 to > 42~2°C ~n

Figure 5.0-5. The southeast corner contained some woody shrubs. The eastern
boundary of this field was a drainage ditch that no longer receives water from
the trarn area.

The central part of Field #7 was dense Bermuda grass sod; the southeast
end progressed into a mi xtureof grasses and broadl eaved weeds wi t~. ground cover
becoming thinner.

Field #8 was a dense sod composed primarily of Bermuda grass, with a
little Pangola. This turf resembled awel1kept lawn and was very homogenous.'
The western vegetated part had some sedges. A pond about midway on the southern
boundary shows up in Figure 5.6-5 as an ellipse with a temperature of 22.2 to
28.9°C. Adrainage ditch forms the northern boundary and is represented as a
line (22.2 to 28.9Q C) running a'long the middle to the eastern edge of Fig-
ure 5.6-5. At the western end of this ditch, there was culvert funning into
a lagoon used f6r effluent from a milking parlor. The lagoon shows up as an
orange elongated rectangle running northwest to southeast.

Other fields in Figure 5.6-5 were given only a cursor'y eXdmination from
the roadside. The irregularly-shaped tan area at the top of the figure repre-
sents cattle staging areas for McArthur Dairies Barn III (now Bar-Il If4)~ The
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field to the south was Bahia and Bermuda grass. The field southeast of Barn #7
was heavily grazed, composition not determined. The field to the northeast of
Barn #7 was Bahia and white clover that was not heavily grazed.

In Figure 5.6-6, thermal imagery of complex vegetative canopies associated
with citrus and rangeland is shown. Taylor Creek forms the western through
southern boundary of the grove, the creek forming an arc from northwest, where
it flows under State Route 68, to the southeast corner. Areas where dense
native tree species and woody shrubs were growing proved to be represented on
the image as the coolest vegetation {2l.1-24.4°C}. Improved pastures in the
surrounding fields were predominantly 31.l-34.4°C with some cooler areas
(27.8-31.1 0 C) and some warmer areas (34.4-37.8°C). Across the top of Fig-
ure 5.6-6, the warm area (aqua) was improved pasture, the intermediate tempera­
ture area (pink) was rangeland, and the cool area (yellow) was improved pasture.

In the grove itself, Block A (Figure 5.6-6) was a mature, healthy stand
of grapefruit. Vasey grass grew in the low centers between the bedded rows of
trees. This block'S surface temperatures appeared uniformly cool; 24.4-27.8°C.

Block B was a stand of somewhat smaller, but healthy grapefruit trees.
Beds were oriented northeast to southwest. All other beds in the grove were
aligned east to west. The block's warmer temperature may be due in part to
bed alignment. Smaller trees also contribute to making up a smaller portion
of the total surface area of the block.

Block C has a poor stand of orange trees. Some of the trees appeared to
be affected by citrus blight, and many of the trees had been removed. Vasey
grass made up a large portion of the ground cover. The thermal imagery for
this block (27.8-31.1 0 C) would indicate a warmer surface temperature than
Block A. Small spots in BlockC show up as still warmer, {31.1-34.4°C}, appar­
ently where many trees were mi,ssing.

The trends observed in Blocks A~ Band C were borne out in other blocks
observed.

We also took a cursory look at some unimproved rangeland species.
Palmetto (Serenoa repen) was pervasive. Some grasses indicated from Br~omsedge

bluestem (Andropo9onVirgi~i~us!:.~), wiregrass(Ar;stidas~~1~ta), Vasey grass
(Paspalum urvillei). Ce-rt"aih"lymany others were present~ " ,

Within the ecosystems observed and under the environmental conditions at
the time of the study, the following may be postulated:

1) Physical conditions within a species affects remotely sensed surface
temperatures;

2) Physical condition of pastures was primarily a management phenomena;

3) Physical condition of the grasses greatly contributed to the percent­
age ground cover;

4) Intraspecies differences seem observable, but not as clearly defined
as the condition of the species of grass;
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5) Trees and woody shrubs tend to be cooler than gras ses . Thi s may be
a"biased observation because these plant types were generally located
in wetter environments .. However, at the same site, citrus trees
appeared cooler than Vasey grass. Also, windy conditions on April 26
may have enhanced cool ing of the vegetation of trees anq woody shrubs
by convective cooling to a greater extent than the short grasses.

5.6.2.5.2 ET by Bowen Ratio Method

The daytime cycle of evapotranspiration as determined by the Bowen ratio
was computed and draft~d as latent heat flux density for the following days:
April 26, 27, 28, 29, 30, May 1, 2, October 17, 20, and 26 (Figures 5.6-7 to
5.6-16). These figures also show the daytime patterns Qf global solar" radia­
tion (Ri), net radiation (Rn), soil surface temperature (Sfc T)~ and air tem­
perature at 2 m(Air T). Figures 5.6-14, 5.6-15, and 5.6-16 show the daily
pattern of wind speed at 10 m (wind). Figures 5.6-17 and 5.6-18 show wi nd
speeds for the spring (April and May) 1978 dates, as well as the whole noc­
turna 1 patterns of these parameters for Apr; 1 26- May 3.

" The da; 1y energy budget sUnlTlary is given in Table 5.6-5. The.se data
showed that the whole-day Bowen ratio (ratio of sensible to latent heat flux)
ranged from 0.32 to 0.76 duri n9 the spri ng days. "Three of these days cou1d be
classified as "high" (April 26, 27, and May 1), and the others as "l ow . II

The days with the higher Bowen ratios also were the days with the higher wind
speeds (Figures 5.6-17 and 5.6-18). "" May 1 was also a day with somewhat lower
net radiation due to intermittent cloudiness (Table_5.6-~ and Figure 5.6-18).

Surface-to-air temperature gradients tended to be larger on days with
high solar radiation and low wind speed. The soil had very little vegetative
-cover on itin<the spring. Figure 5.6-5 showed a thermal map with Field #2
containing the meteorological instrumentation. This field had Pangola.grass
that had been cut for hay, and had little spring regrowth. Therefore, the soil
surface received a large part of the solar radiation load, and gave high sur­
face temperatures during the day.

Prior rainfall may have influenced the surface-to-air temperature
gradients, the soil heat flux, and Bowen ratio to some extent. About 1.5 cm
of rain fell on April 24 (Table 5.6-6). We had no micrometeoro1ogical data
on Apr; 1 25, -but the surface-to-airtemperature gradient was somewhat sma11 er
on Apri 1 26 than ,on Apr; 1 27. A1so, the soi 1 heat f1 ux increased from Apri 1 26
to Apr; 1 27, and from Apri 1 27 to Apr; 1 28, as the soi 1 surface dri,ed.

The soil moi sture content measurements by the neutron probe method were
unre1i ab1e. The gravimetri c samp1i ng method showed much scatter, but they
did show a decreasing soil water content, espec;ially in the upper 5 cm, from
April 26 to May 1.

Ouri 09 the nights of' Apr; 1 26-27 and April 27-28 ,the soil surface tem­
perature remained considerably warmer than air temperature at 2 m. The reasons
for this are not clear, but some possible explanations are: (a) a cool front
moved in after several days of wanner air with higher solar radiation load,
(b) the surface thermocouple was actually below the soil surface sufficiently
deep to be kept warm by the soi 1, (c) the surface thermocouple j unct lon was
receiving heat conducted by its own buried wire~.
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Figure 5.6-7. Daytime course of Bowen ratio ET (latent heat flux density,
LE), net radiation (Rn), global solar radiation (Ri), soil surface
temperature (Sfc T), and air temp~ratuFe at 2 m (Air T) over Pangola
grass at the beginning of spring regrowth. .
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Figure 5.6-7. Daytime course of Bowen ratio ET (latent heat flux density,
LE), net radiation (Rn), global solar radiation (Ri), soil surface
temperature (Sfc T), and air temp~ratuFe at 2 m (Air T) over Pangola
grass at the beginning of spring regrowth. .
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Table 5.6-~. Daytime energy budget summary

~------------Energy Budget Components-- .. _--,;..--_..:_-~

Date Time Interva1 Solar Net Soil Latent Sensible Bowen

(1978) (EST) (i~J/m2 ) (t.1J/m2) (MJ/m2) 01J/m2) (MJ/m2) ratio

Apr 26 0700-1800 ~3.22 12.49 0.45 7.28 4.76 0.65
1 0700-1800 27.07 13.92 0.92 7.98 5.02 0.63Apr 27

Apr 281: 0700-1800 27.68 14.03 1.42 9.05 3 56 0.39
Apr 29 0700-1800 26.96 13.64 1.23 9.41 3.00 0.32

Apr 30 0700-1830 22.56 11.25 1.40 7. 16 2.30 0.37

May 1 0700-1800 17.24 9.24 1.23 4.54 3.46 0.76

f4ay 2 0700-1830 18.86 10.00 1.25 5.78 2.98 0.52

May 3 0700-1100 9.21 5.35 0.85 3.08 1.42 0.46

Oct 17 0700-1800 18.49 9.97 0.27 .. 6.33 3.37 0.53

Oct 18 0700-1800 16.23 9.09 0.37 5.87 2.84 0.48

Oct 19 0700-1800 7.91 4.68 No Bowen Ratio Data

Oct 20 0730-1700 17.98 10.08 0.62 6.73 2.73 0.41

Oct 25 1130-1700 11.46 6.17 0.37 4.28 1.52 0.36

Oct 26 0730-1700 17.65 10.02 0.67 7.02 2.33 0.33

Oct 27 0730-1700 17.10 9.68 0.65 6.95 2 08 0.30

Nov 2 0730-1700 17.81 9.51 0.53 6.48 2.50 0.39

Nov 3 0730-1700 16.34 8.84 0.54 6.12 2. 17 0.35

1Chamber method latent heat (0700-1900 EST) for Bennuda grass and Pangola grass was 8.51
2 . 2

and 5.39 i~'J/m, respectively, on April 27, and 10.11 and 6.83 MJ/m , respectively, on

April 28.
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Table 5.6-6. Ra infa 11 in inches on Taylor Creek Watershed, Okeechobee

County, Florida, April 1978 and October 1978.

Date/Rainfall - Apri 1 1978

Locat ion 13 14 18 19 23 24 25

Well Li ne "BII 0.20 0.00 0.60 0.00 0.00 0.80 0.00

Wi 11 iams #1 0.04 0.00 0.03 0.14 0.00 0.45 0.00

Basset #2 0.05 0.00 0.02 0.45 0.00 0.34 0.00

Raul erson #3 0.01 0.00 0.00 0.05 0.00 0.62 0.00

Judson #4 0.19 0.00 0.00 0.27 0.00 0.68 0.00

Dixie #5 0.09 0.03 0.04 0.09 0.03 0.59 0.00

Mobley #6 0.14 0.01 0.46 0.01 0.02 0.56 0.00

Opal #7 0.24 0.00 0.70 0.02 0~07 0.70 0.01

Average 0.12 ·0.00 0.23 0.13 0.02 0,,59 0.00

Date/Rainfall - October 1978

Location 10 11 14 19 22 28 29

Well Line "B" 0.00 0.23 0.03 0.01 0.20 0.02 0.15

Williams #1 0.00 1.94 0.01 0.01 0.02 0.48 0.33

Bassett #2- 0.00 0.25 0.05 0.26 o. 11 0.38 0.13

Raulerson #3 0.00 0.23 0.04 O. 18 0.02 0.20 0.06

Judson #4 0.08 0.30 0.02 0.04 0.13 0.48 0.08

Oixie#5 0.45 0.23 0.04 0.02 0.06 0.09 0.32

140bley #6 0.00 0.15 0.03 0.05 0.12 0.02 0.36

Opal #7 0.00 0.20 0.03 0.02 0.37 0.02 0.11

Average 0.07 0.44 0.03 0.07 0.13 0.21 0.19
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The Bowen ratios for the fall data, based on daytime sensible heat flux
ratios, were generally lower than for the spring data (Tabl~ 5~6-5). The
soil moisture contents were considerably higher during this period. The soil
surface temperatures during the day were generally slightly lower than air
temperatures at 2 m. The Pangola grass sod had a dense vegetative cover of
both senescent and active plant material. This cover prevented most of the
solar radiation from penetrating all the way to the soil surface. Also, the
nocturnal air temperature was always cooler than the surface temperature
(Figures 5.6-19, 5.6-20, and 5.6-21). However, this effect could be explained
by the dense vegetative cover that would establish conditions for the vegeta­
tion, rather than the soil surface, to be the "surface radiator ll to space.
Therefore, the air in convective contact with the vegetation should be cooler
than the soi 1 surface.

In addition to surface temperature and air temperature, Figures 5.6-19,
5.6-20, and 5.6-21 also show continuous diurnal patterns of wind, global radia­
tion, net radiation, and daytime ET (latent heat flux density). The wind speed
before 1600 EST on October 16 (Figures 5.6-14 and 5.6-19) were in error by a
factor of 0.6. This error also obtains for the May 2 and May 3 data (Fig-
ure 5.6-18). These errors were due to a computer program change. The values
plotted for those dates should be multiplied by the reciprocal of 0.6.

Some daily pan evaporation data spanning the periods of measurement are
included in Table 5.6-7 for comparison. Pan coefficients were computed for
an average of six good days in April-May (April 27 - May 2), and for five good
days in October (October 17, 18, 20, 26, and 27). The ratio of pan evaporation
to energy budget evaporation over those days was 0.55 for the April-May days
and 0.86 for the October days. Thus, the pan coefficients appear to be lower
in the spring than in the fall. Long-term water balance data for the Taylor
Creek Watershed suggest that the above pan coefficients (based on few data)
are qualitatively correct (Knisel et ~., 1980).

5.6.2.5.3 ET by the Chamber Method

The daytime values of ETmeasured by the chamber m~thod on April 27 and
April 28 agreed closely with the Bowen ratio-energy balance method (Table 5.6-5).
In general, the latent heat flux density from the Bermuda grass sodexce~ded

the Bowen ratio-energy balance; whereas the latent heat 'flux density from the
Pango1a gra ss sad was 1ess (Ftg~re 5.6-22). On Apr; 1 27, the £T in om water
was 3.51, 2.22, and 3.29 for the Bennuda grass chambers, the Pangola grass
chambers, and the Bowen ratio-energy balance, respectively. On the following
date, the ET values were 4.16,2.81, and 3.73 om water, respectively.

The evapotranspiration rates detected by the Bowen ratio-energy balance
method were mainly from Pangola grass ground cover; therefore, we would have
expected the rates to be closer to the chamber values for Pango1a grass.
Nevertheless, the chamber values did bracket the Bowen ratio-energy balance
values. Overall, the results of the two methods support each other for ground
truth observations.
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Table 5.6-7. Dai ly Pan Evaporation at Ft. Pierce and on the Taylor Creek
Watershed during the period of measurements in 1978. Data
suppl ied by USDA-SEA-AR and IFAS Ft. Pierce ARC, Ft. Pierce,
Flori da.

Ft. Pierce Taylor Creek
f'1onth Day (inches) (MJ/m2 ) (inches) (MJ/m2 )

Apr. 26 0.32 19.7 0.40 24.7
27 0.25 15.4 0.17 10.5
28 0.23 14.2 0.17 10.5
29 0.24 14.8 0.22 13.6
30 0.20 12.3 0.28 17.3

f'4ay 1 0.18 11 .1 0.23 14.2
2 0.19 11 .7 0.22 13.6
3 0.16 9.9

Oct. 17 0.24 14.8 0.12 7.4
18 0.24 14.8 0.12 7.4
19 0.06 3.7 0.08 4.9
20 0.19 11 . 7 0.07 4.3
21 0.16 9.9 0.13 8.0
22 0.07 4.3 0.05 3.1
23 0.16 9.9 O. 12 7.4
24 o. 19 11. 7 0.18 11 .1
25 0.24 14.8 O. 16 9.9
26 0.20 12.3 0.18 11 .1
27 0.16 9.9 0.13 8.0
28 0.06 3.7 O. 15 9.2
29 0.10 6.2 0.04 2.5
30 0.17 10.5 0.06 3.7
31 0.10 6.2 0.05 3. 1

Nov. 1 O. 12 7.4 0.05 3. 1
2 0.22 13.6 0.05 3.1
3 O. 17 10.5 0.06 3.7



- 5.6-57 -

Q)
~

00
~

f'..
~

<0
~

LO
~

~
0e-

M .-
~

1J1
W

C\J
~ W

~
2:

-c;--

0
I-

...-

en

0)

~

o
r-

o
o

,.,
•,

"•,.

o
o
(\J

o
o
M

~

co
f'.
en

..
00
C\I

L
0.

«

-en
ro .C'U
~ 1j C'U
01 ::J 0
L E en
Q) L C
c: <lJ C'Uwrno...

: I •I.
. I

• •.I-
0 0

0
~

~

o
o

.,
•

I
I•

.
~----.:::. -­-

I
I

•
I.
I
•
\

\
•.

\

a
o
C\J

o
o
\f)

•I
•I
•I•I

•,
•

r-

co
f'
(J)

..
'"C\J

L
Q.

<{

cr::
o
-.J
>­
«
I-

~

w
W
0:::

U

( C W / M ) X n l.::J 1 't/:3 H 1 N3 1 V l
Figure 5.6-22. Daytime courses of ET (latent heat flux density) from chaml>(~r

measurements over Benlluda grass and Pan901a grass COlllpa red wi th BCMen
rat io-energy ba 1ance measurements.



- 5.6-58 -

5.6.2.5.4 Appl ications of Remote Sensed Data to ET

Several methods were developed to determine diffusion resistance to apply
to either resistance-energy balance or combination models.

Temperature profil e method: The Apri 1 28, 1978 data were used to compute
the turbulent resistance component (rt) and the bulk boundary layer resistance
component (rB) and the. total aerial resistance to heat transfer .acco.rding to
equations 5.6-26 and 5.6-27. Sensible heat flux density was obtained from
half-hourly Bowen ratio-energy balance measurements from 083'0 to '1530 EST.
Temperature prof; les were plotted against the logarithm of height on semilog
graph paper. The ft values were calculated from a height Qf 1.5 m (Ta) to ,a
height of 0.02 m (To) using equation 5.6-26. The 1.5 m height was chosen as
representative of weather shelter height and the 0.02 m height was chosen as
Zo for this short grass surface. We assumed ZH, the roughness length for heat
transfer, to be equal to ZOo The ra values were calculated from equat;.on 5.6-27
using radiation thermometer data for the surface temperature, Ts .

The average values of rt, rB, and ra were 0.36, 0.77, and,1.13 sec/em,
respectively. These values were also representative of the 1200-1230 EST values
at the time of the aircraft overflights. The rt values were smaller in the
afternoon than in the morning, but the ra values showed less difference. The
ra values were more consistent throughout the day than either rt or ra. The
values of rt, rB, and ra were plotted as a function of wind speed for that day.
The rt values tended to decrease as a function of wind speed for the afternoon
hou rs .Q!!.!y.

Since the overall ra values were more stable than rt or ra, then it is
possible that the level of the effective To changed throughout the day. Also,
the temperature gradient (Ts - To) was about twice as large as (To '-· Tij)~
It is possible that the height for To is overestimated by using an estlmated
value of Zo = ZH = 0.02 m for the helght of To. However, the Ts - to - To
temperature differences are large enough to cause the height of To to be
reduced by 3 orders of magnitude (0.00002 m). The PRT measurements at 1230 EST
agree with the airborne scanner surface temperature, and are substantiated by
soil surface temperature measurements. It may be possible that th~surface

temperature is higher because of 'the low ground cover, and that much of the
heat and latent heat exchange invQlvesthe$QiJqi rectly. Howe,ver.,~he PRT
was mounted at an angle that would view mainly the surface cover rather than
the soil surface. We chose to view the transfer processes in two steps; a
transfer from surface to To (an effective pulk boundry layer transfer) and
transfer from To to Ta (a turbulent field bouridary layer transfer).

Heilman and Kanemasu (1976) computed aerial resistance'as only one com-
. ponent, over soybeans and over sorghum, by extrapo1at; ng the above-canopy

temperature profile down to a canopy temperature, Tc , obtained either by leaf
thermocouples or by infrared radiation thermometer. Their data wou1d indicate
that the ratio of Zo to ZH would range from 1 to 3 for the sorghum and soybean
crops. If we extrapolated our temperature profiles to 0.00002 m, then we would
have obtained Zo/ZH = 1000 for our short grass surface.

This bulk aerial resistance approach assumes that net radiation, soil
heat flux density, and bulk aerial resistance are uniform over the pasture area.
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The method used to compute ET from the April 28 pasture scene was as
fa1lows . . Sens i b1e heat fl ux dens i ty for each surface temperature class of
Tab1e 5.6-4 was computed and wei ghted by the fract; ona 1 area (Ai) in each sur­
face temperature class.

( 5 . 6- 39)

where the subscript "i" refers to the values of a particular color~coded sur­
face temperature scene (Table 5.6-4, Figures 5.6-5, 5.6-6, 5.6-23, and 5.6-24).
~T ;s the surface-to-air temperature difference. Latent heat flux density was
computed py difference.

~E. = Rn - S - H., 1

The heat flux density from the whole scene is:

. pen
H= L H. =~ L ~T. A.

1 r B 1 1

(5.6-40 )

(5.6-41)

Total latent heat flux density (ET) over a scene can be also computed by
summation. We did not correct for Rn or S for higher or lower surface tempera-
tures.

This method of computation does not allow for or explain any variations
in effects of atmospheric stability, boundary layer and turbulent resistance,
wind, leaf area index, plant height and surface parameters (0 and Zo) or
stomatal resistance, or sensible heat and latent heat transport processes.
The next section describes one approach to evaluate some of these effects on
heat transport processes ,and ultimately, on evapotranspiration.

On April 28, the average raforthe day (30-minute data. 0800 to 1530 EST)
was 1.13 +0.25 sec/em. The values for the periods ending at 1200, 1230, and
1300 EST were 1.09,1.19, and 0.99 sec/em, respectively. Table 5.6-8 shows
the weighted H and weighted RtE for April 28 (1200 to 1230 EST) for the pasture
scene of T~ylor Creek Watershed. The val ues for the who1escene were 12.2 and
36.5mWjcm , respectively.· ~hese values compare. with the ground truth measure­
mentsof 13.7 and 35.0 roW/em for Hand RtE, respectively, for this time period.
The value of 13.7 mW/cm2 for heat flux density lies between the "Black" and
IlAqua tl color codes of Table 5.6-8. Figure 5.6-5 shows that the meteorological
tower was located in a surface temperature area characterized byllBl ack ., II with
"Aqua" (cooler) and tlTan ll (wanner) area nearby.

This method demonstrates that if heat flux is known or measured, then
bulk aerial resistance can be calculated for similar surfaces. If remotely .
sensed temperature patterns of similar evaporating surfaces are known ,then' the
regional evpotransplration rates can be determined. If the surface conditions
are different, then a different aerial resistance would have to be determined
for each surface.

. Wi nd Speed Dependence Of" r a : Wi nd speed would be expected to have a large
effect on bulk aerial resistances under similar surface conditions. Data from
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Figure 5.6-23. Outline of temperature intervals drawn from infrared image ~f

pasture scene in Taylor Creek Watershed, April 28, 1978, at 1222-1225 EST
(from Figure 5.6-5).
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Figure 5.6-24. Outline of temperature intervals drawn from infrared image of
citrus qrove scene in Taylor Creek Watershed, April 26., 1978, ilt. 141/-'14]~

EST (from Figure 5.6~6).
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Table 5.6-b. Regional Evapotranspiration for Pasture Scene Using Resistance r4ethod,

Apri 1 28, 1200-1230 EST.

Propor-

tional Weighted Weighted

Color I\T H £E Area H tE B

(Oc) (mW/cm2) (mW/cm2)- (mw/cm2) (mW/cm2)

Tan 16.5 16.8 31 .9 0.233 3.92 7.43 0.53

Black 14.9 15.2 33.5 0.242 3.68 8.11 0.45

Aqua 11 .5 11. 7 37.0 0.251 2.94 9.28 0.32

Pink 8.2 8.3 40.4 0.165 1.38 6.66 0.21

Yellow 4.9 5.0 43.7 0.066 0.33 2.88 O. 11

Blue 1.5 1.5 47.2 0.022 . 0.03 1.04 0.03

Orange -1.8 -1.8 50.5 0.021 -0.04 1.06 -0.04

Totals 1.000 12.24 36.46 0.34
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the fallon a high wind day (October 18), a moderate wind day (October 20), and
a low wind day (October 27) were compared to determine wind speed effects.

Temperature profiles were plotted on semilog graph paper. The Pangola
grass in the fall was about 0.3 m tall. Inspection of the temperature data
plot from the six heights showed that a zero plane displacement height (0) of
0.25 m gave the best straight line fits on semi log plots. We estimated Zo at
0.03 m. When air temperature profiles were extrapolated to this small height,
there was still a very large difference between the extrapolated temperature
at this height, and the surface temperature measured by a precision radiation
thermometer. Therefore, we ca1cu1ated both a turbu1ent resi stance component
(from Z - 0 ::: 0.03 m to Z - 0 ::: 1.5 m) and a bulk boundary layer resistance
(from the surface temperature to the temperature at Z - 0 ::: 0.03 m). In most
cases, the surface-to-Zo temperature di fference was 1arger than the Zo- to-1.5 m
temperature difference, which implied that the bulk boundary layer resistance
was larger than the turbulent transport resistance.

The turbulent resistance and the bulk boundary layer resistance were
calculated from equations 5.6-26 and 5.6-27, respectively, for each half-hour
of data on October 18, 20, and 27. Wind speed was found to be steady for 5 to
7 hour periods during those days. The turbulent resistance, rt, and the bulk
boundary layer resistance, rB, as well as wind speeds were averaged over the
steady wind periods ,and standard deviations computed. These average resis­
stance values were plotted against wind speed.

Bulk aerial resistance and the two components, turbulent resistance (r t )
and bulk boundary layer resistance (rB) showed a decrease with increasing wlnd
speed {U) at ten meters. The values of ra, rt, rB' and UIO were 0.48 + 0.05,
0.20 + 0.04, 0.28 + 0.03 sec/em, and 9.33 + 0.48 m/sec, respectively, on
October 18; 0.70 +-0.06, 0.28 + 0.04, 0.42-+ 0.08 sec/em, and 5.80 + 0.35 m/sec,
respectively, on October 20; and 0.84 .::. 0.13, 0.32 ~ 0.04, 0.52 .±. 0-:13 sec/em,
and 3.55 + 0.38m/sec, respectively, on October 27. Figure 5.6-25 shows the
component-values rt and rB' rB was always larger than rt" Over the range of
wind speeds, the resistances increased linearly with decreasing wind speed,
however, at lower wind speeds they would be likely to increase nonlinearly with
decreasing wind speed until natural convection was reached.

The ra values were large for the short grass surface. This shows that
boundary layer resistance and-resistance in the low turbulence flows ;n short
vegetation systems are very important in the overall transport processes.

These relationships of resistances to wind speed were not used further
in this report, but show that linear or near-linear functions could be develop­
ed to express resistance as a function of wind speed in future remote sensing
ET studies.

5.6.2.5.5 Development of Remote Sensed ET Estimates from Stability Corrected
Heat Flux.

The overallapprach was to calculate sensible heat flux from the vegetated
surface, estimate soil heat flux, and calculated evapotranspiration as the
residual using a directly measured net radiation. The bulk of this effort lay
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1n developing means to obtain sensible heat flux from a remote surface tempera­
ture, an air temperature, and a wind speed. Key problems were exactly how to
use a surface temperature and how to deal withv,arious stability regimes.

It was decided to approach the latter problem via "diabatic influence
functions"--empirical corrections to the conventional log law transport laws
based on a dimensionless quantity, the Richardson number. These correction
functions exist in the literature in integrated forms of equations 5.6-29 to
5.6-31 (Bus inger, 1973) and differential forms (Morgan, Pruitt, and Lourence,
1971).; The latter form was adopted for this section.

The log law wind profile, valid when conditions are neutral, can be de­
scri bed by:

where the friction velocity:

.£Q=~
aZ kZ

kU
U* = --Z-----=-D-+-Z-

Q,n (Z 0)
o

(5.6-42 )

(5.6-43)

When the air layer in question is stable or unstable, a correction <Pm is
applied:

aU _ !!x.
~ - kZ 4>m

ana1ogous1y,

The correction function are interrelated:.

(5. 6-A4)

(5.6-45 )

(5.6-46)

The corrections used in the study were those developed by a group at th~ Univer­
sity of California at Davis (Morgan, Pruitt, and Lourence, 1971) and are listed
below.

4> = (l + 16 Ri) 1/3
m

q, = (l - 16 Ri )-1/3
m

STABLE

UNSTABLE

STABLE

(5.6-47)

( 5.6.48)

(5.6-49 )
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K K
H z KW = 1.13 (1 - 60 Ri) .074 UNSTABLE

Km m
(5.6-50)

The approximation in the second set of relationships is b~sed on the near
equal i ty of KHand Kw documented by Dyer (1967). . T.he Richardson number is
the ratio of bouyant and turbulent momentum transport influences:

2
Ri =.9. aT / (2.!!)

e aZ aZ (5.6-51 )

The equation used to calculate heat fluxes was developed from the basic
turbulent transport equations:

(5.6-52)

(5.6-53 )

KHto make use of the empirical relationships for $m and ~ .

The first may be rewritten:

Solving the second for ~, the eddy diffus;vity of momentum,

u*2
Km = W-

az
dU U* 1>

Solving az = kZ m for U* and substituting:

and

(5.6-54 )

(5.6-55 )

(5.6-56 )

(5.6-57 )
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In di fference form:

Z 2 K
H = pCp'k2 (~) (J:!) (_1_.) b.U 6T (5.6-58)

b.Z ~ 4> 2
m

where b.Z = Z2 - Zl and Zgm is the geometric mean of Z, and Z2. The correspond­
i ng Ri chardson number is:

Ri =~ 6Z6T (5.6-59)
e (~U)2

The behavior of equation 5.6-57 is shown in Figure 5.6-26. The relatively
rapid increase in sensible heat transport with increasing temperature gradients
is as expected. However the changes in heat transport with respect to increas­
ing wind gradients is not so obvious; apparently, at very low wind speeds air
movement may actually suppress thebouyant ri sing of w~nn air. At Ri cha rdson
numbers below 0.1 heat transport rises gradually with increasing wind speed.

Transport relationships like equation 5.6-57 may also be cast in terms of
rt, the resistance to heat transport in the turbulent boundary layer. This is
shown;n Figure 5.6-27 as a comparison to Figure 5.6-26 and because resistance
methods were also attempted.

The usefulness of these equations was tested in two stages. First, in
order to establish the applicability of the empirical results, heat fluxes
were calculated between the various levels at which temperatures had been mea­
sured. Since the site was uniformly vegetated, met fetch requirements, and
could be consider~d near a steady state during a given half-hour period, the
calculated fluxes should have been equal (indicating the same heat flux at all
levels). Second, to determine the absolute accuracy of the calculated fluxes
they were compared to heat fluxes obtained via the .ground truth Bowen ratio
method. .

All quantities in the equations were physical constants or measured direct­
ly except 6U, since no wind profile was measured. A stability corrected AU was
calculated iteratively. First, a friction velocfty was calculated from the
10 meter wind speed measurement according to equation 5.6-43. The displacement
height Dand the roughness parameter Zo were obtained graphically from tempera­
ture profiles, assuming ZH = Zo and D8 = D = O. Heilman and Kanemasu (1976)
assumed the latter equality, but obtalned 2H by extrapolation. Then, assuming
U* constant over the profile, hU was approximated by:

U . <p I1Z
U - ~ m

11 - k -r":(Z~-""'"="0""-)-
901

.(difference form of equation 5.6-44) by first using a guess for AU to compute
R'j, which in turn was used to calculate (Pm .. and a new AU was then used as a

. new guess, and the procedure repeated. Generally this procedure converged on
a AU of three significant figures in four to five iterations.
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The flux constancy test (Table 5.6-9) showed several problem areas in the
stability corrected heat flux calculation method. These are 1) relatively
high heat fluxes calculated for surface and near surface layers 2) relatively
low heat fluxes calculated for layers extending from very low to very high
levels and 3) relatively high heat fluxes for layers high in the profile. In
genera1, reasons for these departures from constant fl ux can be traced back
to wind and temperature profiles at levels outside the 0.35 to 2.0 meter layer
studied at Davis (for which stability corrections were determined).

Calculated heat fluxes are high in air layers bounded on the bottom by
the vegetation surface because of the extremely high temperature gradients
immediately at the surface. As well as increasing 6T directly, high tempera­
ture gradients force up the iteratively calculated AU, sometimes to physically
unrealistic levels. The dominance of AT in the heat flux equation 5.6-58 con­
tinues from the surface to the 2.0 m level. At this point the second problem
area begins--heat fluxes become relatively lower because of the increasing
importance of Zgm in the equation. The geometric mean of Zl and Z2 is intended
to be the point on the profile at which AU/6Z or AT/6Z is the slope of the wind
or temperature profile; this holds only approximately when the profiles are not
truely logarithmic. Since the stability corrected wind profile ;s calculated
as a correction to a log profile, the geometric mean height will effectively
underestimate the point at which a gradient calculated by differences holds in
the unstable case, and overestimate in the stable case. These effects are most
noticeable :when geometric mean heights are calculated over heights more than an
order of magnitude apart. The final problem area ;s calculations made between
upper levels. Here 6T's are small leading to unreasonably small 6U'S, which in
turn lead to very high·Richardson numbers and corresponding very high stability
correction factors.

Thus, to stay on the safe side, it was decided to restrict our calculations
to the Davis study layer of 0.35 to 2.0 m (Morgan et ~.,1971).

Since many temperature profile data were available for pasture surfaces,
regressions relating the difference in surface and air temperatures to the
difference in air temperature over the air layer in which the empirical relation-
ships hold were developed. .

~TT = Ts - T1. 5 temperature difference between surface-and 1.& meters

~TBL = TS - TO. 3 difference between surface and 0.3 meters

~Tt = TO.3 - T1. 5 difference between 0.3 and 1.5 meters.

First temperatures at Z - 0 = 0.3 and 1.5 meters were tabulated from graphs
of the temperature profiles. The ATT was graphed versus ~TBL for all profiles,
a line with zero intercepts was fit to the data by eye, and slope af the line,
computed.

(5.6-61 )
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Table 5.6-9. Test for heat flux constancy with stabil ity corrections. Jj

«2 9.3 0.6 1.0 2.0 5.0 10.0

0.0 76. 1 31.9 25.9 16.0 11.20 8.34

0.3 15.4 13.2 10.8 8.19 6.74

0.6 14.4 13.8 12.00 10.00

1.0 15.6 14.40 10.70

2.0 17.90 16.80

5.0 22.00

lJ Heat fluxes, in mW/cm2 , are calculated for an average temperature profile

and 10-m wind speed measured between 1500 and 1530 EST on October 27,

1978. Z2 and Zl are the upper and lower bounds of the air layer for which

the heat flux was calculated.
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The equation used to calculate ~Tt was

(5. 6-62)

(5.6-63)

Figure 5.6-28 shows the basis of the ATBL vs. ATT regressions. These
were plotted for spring and fall data, or short grass and long grass and sug­
gest that in the future generalized relationships involving parameters like
vegetation height may be developed such that these relationships need not be
measured for all surfaces that may be encountered.

For taller vegetation (forest trees, citrus trees, shrubs, and palmetto),
the transport processes and aerial resistances would be much different than for
short grasses. Since no ground truth measurements were made over this type of
vegetation, we had no way of calculating or estimating the bulk aerial resis-
tance directly. A leaf-to-air heat transport resistance equation developed
by Thorpe and Butler (1977) and Landsberg and Powell (1973) was adapted. The
type of equation was developed for leaves in an apple orchard where shelter or
interference effects among leaves were evident. The generalized equation was

(5.6-64)

For an assumed leaf dimension (L) of 6 cm, the above equation reduces to

{5.6-65}

where U is in em/sec.

The wind speed at the top of the tall vegetation was estimated to be one­
half of the measured wind speed (over pasture) at 10 m. Many examples in the
literature show that this is a reasonable approximation (e.g., Allen, 1968).

General Procedure for Converting Thermal Scene Into a Regional ET Estimate:
To summarize the technique developed and show its application to thermal scenes,
the entire calculation procedure is outlined below. It is assumed that for the
area in question roughness length and displacement height are known, air tem­
perature and wind speed are known from auxiliary ground measurements, and sur­
face temperature is available from satellite data.

(l ) Oi vi de the range of vegeta ti on roughness 1engths (Zo) and surface
temperature (fs ) into suitable increments. Determine the area of each la, Ts
combination and compute the percentage of total area in each combination as
p(Io, fs) = A(Zo' Ts )/A(total) (in the most complex scene on April 26, two
roughness conditions, corresponding to short and tall vegetation, in seven
temperature increments were considered).

(2a) For short vegetation (Zo - 0.01 m, 0 = 0.0 m)

A. Use ~TT vs. ATBL regressions to calculate ATt in (OC) for each
Ts ·
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B.. Calculate friction velocity U* in (m/sec)

(Z - D)2
gm

. .
C. Ca lculate nZ, (Z - O)gm' 2' where

(nZ)

In(Z - 0) + tn(Z2 - D)
(Z - 0)gm = exp [ 1 2 ]

nZ = Z2 - Z,

o. Use iterative technique to calculate IJU

a) guess at nU

(~)
b) calculate Ri =~ (fjU)2

e fjZ

(5.6-66 )

(5.6-67)

(5.6-68)

(5.6-28 )

(5.6-60 )

where e is absolute temperature (OK)

c} calculate a new IJU

U* /),Z <Pm
nUnew = k (Z - O)gm

(from difference form of <Pm definition equation 5.6-60 .

<Pm = (1 ~ 16 Ri)~1/3 (See Equations 5.6-47 and 5.6-48)

(5.6-58 )

(2b) For tall vegetation, use special resistance technique to calculate
H for each Ts '

(5.6-65 )
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(5.6-17 )

(3) Calculate ET for each I , f combination
. 0 s

A. Estimate soil heat flux (in estimates presented here measured
S was used for short vegetation, and S was considered negligible
under tall vegetation)

B. ET(lo' fs) = Rn (measured or remote) - H(lo' 1s ) - S (estimate)

(4) Calculate regional E1 flux.

ET = L L P(l, fs) ET(I , T')
- - 0 0 s
Zo Ts

(5.6-69)

Tables 5.6-10 and 5.6-11 summarize regional evapotranspiration rates
arrived at using the preceeding procedure on two thermal scenes. The results
are reasonable judging from a comparison to the ground truth measurement, and
demonstrate that this approach is workable.

A better insight into the effect of the diabatic influence function stabil­
ity treatment can be gained from Figure 5.6-29, which shows ET as a function of
surface~to-l0 m air temperature for two different wind speeds. As the surface­
to-air temperature difference increases, atmospheric instability increasingly
enhances sensible heat transport leaving less energy for ET, resulting in a
curve that is concave downward. With an increase in wind speed, stability
effects are damped and the relationship becomes more linear. Without a stabil­
ity correction, these curves would be exactly linear.

The bottom line on any technique making use of remotely sensed surface
temperatures is how close the resulting estimates fit ground truth measurements.
On this score our results are still somewhat inconclusive since our remote
sensed estimates average 30 to 50 percent higher than our 9round truth measure­
ments.

There are a' varietyofpdssible reasons for this discrepancy. The method
for remote heat flux estimates was found to be extremely sensitive to param­
eters such as the displacement hei ghtand the geometric mean height. Without
con~ideration of the displacement height, heat flux estimates bore little
relation to ground truth values; the grass surface at Davis, California was
short enough not to require its use.

Also, since the differential version of thediabatic influence functions
was used, no explicit us:e of the roughness length'Zo was made. It is possible
that even if actual profiles over clipped grass and profiles over pasture (with
or without ~isplacement height ctirrections) are ne~rly the same, heat transport
would be affected by the roughness of the underlying surface.

Besides the particular sensitivity of the method to some parameters and
questions about the applicability of dimensionles~ empirical expressions, the
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Table 5.6-10.ET calculations from Different Surface Temperatures for the Pasture
Scene of Apr; 1 28 t 1978 (1222-1225 EST) us i ng Stabi1 i ty Corrected Heat Fl ux
Densities that were Derived from Temperature Profiles.

1s
1 2 3 4 5 6 "I 8

LlTt L\~t Ri { } H ET P

Color (OF) (OC) (m/sec) (mW/cm2) (mW/cm2) (%)

Tan 110 2.. 21 0.743 -0.158 57.6 29.6 19. 1 23.3

Black 105 1.86 0.800 -0. 115 48.8 22.7 26.0 24.2

Aqua 99 1.44 0.870 -0.0721 40.1 15.7 33.0 25.1

Pink 93 1.03 0.943 -0.0458 33.2 10. 1 38.6 16.5

Yellow 87 0.61 1.02 -0.0231 27.5 5.36 43.3 6.6

Blue 81 0.19 1.10 -0.0062 22.8 1.49 47.2 2.2

Orange 75 -0.22 1. 17 +0.0064 18.6 -1.50 50.2 2. 1
1

:: 30.3 mW/cm2Regional ET = T01f E ET teo1or) P(color)

Ground Truth ET (measured in a black/aqua field) :: 35.0 mW/em2

Constants used in calculations:

Ta :: 25.6°C t UlO = 4.37 m/s, U* :: 0.253 m/s, D = 0.0 m, Zo :: 0.01 m, AZ = 1.2 m,

Z :: 0.671 m.gm

1
Mi dpoi ntof temperature range of color on thermal scene.

2 Calculated from regression:. L\Tt[OC] = 0.125 (Ts - TaJ rOC]; signs chosen so
upward heat flux is positive.

3~4 ~ AT LlU 2 . U Az(1-16Ri)-·333
Calculated iteratively: Ri = e (AZ)/(LlZi ; AU :: r Zgm -, unstable case,

U f::. (1 +l6Ri r 333
e = absolute temperature [OK], g = 9.8 m/s2. AU =r Z Zgm , stable case

5 Stability correction factor { } = 20.9 (l_60Rir074 (1_16Ri)·667, unstable case,

{ } = 20.9 (1+95Ri)-·11(l+16Ri )-.667, stable case.

6
H ={ } «(Z /f::.Z)2)AU AT.

gm
7

ET=Rn ...; S - H = 58.2- 9.5 - H = 48.7 - H.
. 8

p = 100 Area(color }
Total Area
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Table :>.6-11. ET 'calculations from Different Surface Temperdturps for the Citrus
Grove Scene of April 26. 1978 (1432-1435 EST). Stability Corrected I"teat r-"lux
Densities that were Derived from Temperature Profile Data were used to Calculate

. ET from Short Vegetation, and a Leaf-to-Air Resistance Model was used to Calcu­
late Sensible Heat Flux, and then ET, from Tall Vegetat;on~

?hor~Vegeta~j~:

{ }5 HE. ET7

[mW/cm2] [mW/cm2]Color

Tan

Black

Aqua

Pink

YIP

Yellow

Blue

Orange

108

103

97

91

88

85

79

73

2.24

1.89

1.47

1.06

.854

.639

.222

-. 194

MJ t
3

[m/s]

2.98

3.01

3.04

3.06

3.08

3.09

3.12

3.15

-.00993

-.00825

-.00630

-.00446

-.00356

-.00264

-.00090

+.00077

23.9

23.4 .

22.8

22.3

22.0

21.7

21.2

20.6

49.9

41.6 .

31.9

22.6

18.1

13.4

4.6

3.9

4.7

3.2

12.9

22.2

26.7

31 .4

40.2

48.7

p8

[%]

0.0

0.3

10.8

13.9

6.9

19.8

3.2

1. 1

Tall V~etation:

- 1Ts

Color

HIO ET7

[mW/cm2] [mW/cm2]

p8

[%]

PK

Yellow

Blue

Orange

91

85

79

73

15.2

9.2

3.2

-2.8

36.3

22.0

7.65

..6.70

8.5

22.8

37.2

. 51.5

4.7

12.9

14.6

11 .8

Regional ET

ET = rtro L
Vegetation

he; ghts
~o1ors ET(hei ght, color) p(he; ght,co1 or) = 29.2 mW/cm

2

Constants used in calculations: Ta = 24.3°C, U10 = 12.1 mIs, U*=0.701 mIs, D =

D.Om, Zo = 0.01 m, ~z = 1.2m, Zgm= 0.671 m.

1-6 Calculated in the same way as for pasture scene, Table 10.

7

8·

9

10

ET = Rn - S .. H' = 43.5 - (-1.26)-H

p = 100 Ar~a (color, height)
Total Area .

~TT = f - T
sa ..1/2.

H = pCp(5/9)~TT where r a = 6.6 (U'O/2) = 0.268 sjcm
ra
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temperature profiles may'have been unre1 iable. Accurate temperature profiles.
~ere particularly hard to obtain in the spring~when the data aquisition
system was still being modified in the field. Also, very large differences
in surface temperature were observed in different fields around the micrometeo­
ro1ogical test site (Figures 5.6-5 and 5.6-23) that appeared to cause warmer
eddies to occasionally flow past the 2, 5, and 10 m levels of the temperature
mast.

5.6.2.5.6 Remote Sensed ET Estimates from Stability-Corrected Integral
Profile Methods

Mean meteorological data acquired from the micrometeorological tower were
obtained at an instantaneous readout at 1245 EST. These data were:
Ta ;:: 23.9°C, Oewpoint temperature;:: 11.0°C, Rn;:: 64.1 mW/cm2, S;:: 9.5 mW/cm2,
wind;:: 5.07 m/see, and Bowen ratio ;:: 0.47. These data were input into the
models shown in equations 5.6-28 to 5.6-31 with the surface temperature
(Bl~ck) shown in Table 5.6-4 and Figures 5.6-5 and 5.6-23. Stability param­
eters '1 (momentum) and '2 (heat) were computed according to the integration
of Paulson (1970). Aerial resistance can be computed from equation 5.6-31 for
use in the resistance-energy balance model of equat ionS. 6- 16 or the combi­
nation model of equation 5.6-32. The roughness length parameter, lo, is
required to computera. Webb (l965) indicated that lo for open grassland is
about 0.02 to 0.04 m. According to Szeicz et al. (1969), this would correspond
to grass heights of about 5 to 10 em. Someofour pasture vegetation was
estimated to be 4 em, so 1 em or less may be a more representative ZOo The
sensitivity of equation 5.6-16 and equation 5.6-32 to Zo was tested for values
between 0.5 em to 4 cm (Figure 5.6-30).

Both stability (Ri) and roughness (lo) had an effect on the computed ra
values. At a lo of 1 em, the ratio of r in the most unstable case
(AT;:: l7.2°C) to ra in the neutral case fAT = DOC) was 0.476/0.587, or 0.81.
In the neutral stability case (AT;:: O°C), the relative values of ra decreased
withincreasingZo (0.712, 0.587, 0.477, 0.416, and 0.376, for lo of 0.5, 1,
2, 3, and 4 em, respectively). Table 5.6-12 shows values of sensible heat and
latent heat flux densities as a function of Richardson number (equation 5.6-28).
The temperature gradient shown in this table was Ts - Ta where Ta was at
10 meters. The sensible heat flux density and latent heat flux density is
shown in Table 5~6-l2. Total fluxes were computed based on proportional areas
(shown in Tables 5.6-8, 5.6~lO, and 5.6-11 ). These computations showed much
higher values of H and lower values of ~E for the April 28 pasture scene than
computed in Table 5.6-8. The computed overall Bowen ratio was 1.47, as com­
pared to 0.34 in Table 5.6-8. In general, the ra values were about 1/2 of
the bulk aerial resistance, ra, computed by using equation 5.6-27. As discussed
in Section 5.6.2.5-0, the aerlal resistance should be considered in two parts,
especially for this type of short grass vegetation. Thera values computed by
as.suming ZH = Zg = 1 c.. m are really turbulent transport values, and do not in­
clude the bulk· oundary layer resistance.

Hal f-hourly data on Apri 1 28, 1978, were used to compute ZH values.
Temperature profiles were smoothed by plotting air temperature vs. log height.
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Table 5.6-l2.Computations of R-E, H,and ra from stability-corrected profile integral methods using meteorological input

data from April 28, 1978 at 1245 EST with the thermal scene obtained at 1222-1225 EST.

Z '= Z = 1 em ZH = 0.01 cmH 0

Color l\T Ri 'Ill '¥2 U* r a H iE e Y'a H ~E f3
(OC) (cm/s) (s/em) (mW/em2) (mW/cm2) (slem) (mw/em2) (mW/cm2)

Black 17.2 -0.219 0.488 0.889 31.6 0.476 41.7 12.9 ' 3.23 0.841 23.6 31 .0 0.76(Tan)

Aqua 13.3 -0.169 0.409 0.770 31 .2 0.492 31 .2 23.4 1.33 0.861 17.8 36.8 0.48
Pink 10.0 -0. 127 0.337 0.630 30.9 0.508 22.7 31 .9 0.71 0.8R1 13.1 41 .~ 0.32

Yell ow 6.7 -0.085 0.251 0.478 30.5 0.527 14.7 39.9 0.37 0.904 8.6 46.0 0.18

Blue 3.3 -0.042 0.142 0.273 30.0 0.553 6.9 47.7 0.14 1.000 4.1 50.5 0.08
(J1.

Orange 0 0 0 0 29.4 0.587 a 54.6 0 1.033 0 54.6 0 0'\
I

co
-.i

I

Totals 32.5 22.1 1.47 18.5 36.1 0.51
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Va1ues at Z = 10m and Z = 0.3 mwere extracted and T* computed from the
following equation (see Kanemasu et ~., 1979).

(5.6-70)

The stability functions at 10 m and 0.3 mwere taken from Table 5.6-12, depend­
ing upon the Ts - T10 temperature difference. The value of ZH was determined
by substituting values of Ts (surface temperature from radiation thermomemter
data) into the above type of equation:

(5.6-71 )

The arithmetic mean of fifteen. profile determinations of ZH was 0.0178 em, the
geometric mean was 0.00273 cm, and the mode was 0.00286. The values computed
ranged from 0.0919 on to 0.516 X 10-6 . This wide scatter was likely due to
the fact that temperature profiles and surface radiation temperatures were
read only each 15 ~inutes (see Table 5.6-3). .

Since wind speed profiles were not measured, there was no way to determine
Zo directly. However, through the definition of T* = H/(pCR U*), Zo could be
calculated from T* values obtained from air temperature profile data, from
H values obtained from the energy balance - Bowen ratio apparatus, and from
wind speed measured at 10 m. Rearranging equation 5.6-29 gives:

KU 10Z = EXP[~n(10) - -U- - 'J!2]
o *

(5.6-72)

Fourteen profiles from 830 to 1530 EST on April 28 were analyzed. The
arithmetic mean value of Zo was 4.16 em, the geometric mean value was 0.161cm,
and the mode was 0.412 em. The values ranged from 32.5 em to 3.5 X 10-12 em.
Here again, low frequency of observations, including wind speed at 10m,
probably contributed to the scatter of data (see Table 5.6-3).

From the above analyses, a valye of ZH=O. OlcmwCis sel.~~t~cJ to recompute
ra , H, and tE by the integral profile stability corrected method (equa-
tion 5.6-31). computations were made for ZQ values of 0.5, 1, 2, 3, and 4 em,
but only the values of Zo = 1 em are shown 1n Table 5.6-12. Computationswere
made for the whole scene of April 28, 1978. The values of ra :basedon
ZH =0.01 were approximately twice as large as those based on Zo =1 em. They
should correspond more nearly to the sum of rt and rB, the turbulent resistance,
and the bulk boundary layer resistance. The values ranged from 0.841 sec/em
at Ri = -0.219 to 1.033 for Ri = 0, and compare well with the value of 1.13
obtained from Ts - T10 and H measurements.

The total scene (April 28) H, R.E, and f3 values were 18.5 mW/cm2,
36.1 mW/em2, and 0.51, respectively. These values compare well with those of
Table 5.6-8. Therefore, this method looks promising when accurate values of
ZH can be obtained.
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Another alternative approach of computation of H and ~E by the integral
profile stability corrected method would be to determine To, an air tempera­
ture at Zo' .by some· method, and then compute To - T , Ri chardson number, 'Ill,
'¥2,and ra based on these temperature and height ditferences. However, this
method does not have the advantage of using surface-derived temperatures
directly. .

The surface temperatures measured by the airborne scanner and the radia­
tion thermometer are probably not the theoretica1 temperatures at ZH, but they
appear to be suitable for use in computing fluxes of sensible heat and latent
heat.
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5.6.4 Discussion and Conclusions

Measurements of surface radiation temperature from a thermal radiation
scanner were obtained during ai rcraft overflights on April 26 and 28 and on
October 17, 1978. f4icrometeorological measurements (including net radiation
and surface radiation temperature) were obtained at a test site during those
time periods. The objectives were to develop methods for predicting regional
evapotranspiration (ET) using remote sensed data. Specifically, several
approaches usi ng remotely sensed surface temperature were i nves t i ga ted.

Measurements for several daily periods in the spring and fall of ET were
obtained from an energy balance Bowen ratio method. ET was also determined by
a chamber method utilizing rates of change of humidity immediately after place­
ment. Differences in ET were due mainly to differences in stage of develop­
ment between Bennudagrass and Pango1a grass.

A vegetation survey compared midday surface thermal images with ground
cover. The differences in thermal patterns of pasture appeared to be more
correlated with density of ground cover than species of vegetation. For tall
vegetation, wild stands of palm and hardwood were significantly cooler than
citrus groves. Bare soil areas were hottest. Short grass surfaces were ob­
served that were much warmer than air (up to 15°C). Only shallow water,
marshes, and tall trees were at or slightly below air temperature.

Two thermal pattern scenes (pasture on April 28; 1222-1225 EST and citrus
on April 26, 1415-1522 EST) were ana1yzed for the percentage of 1and area in
seven 6°F temperature intervals. The percentages of the scenes were used to
compute ET from each component. Also, the citrus grove scene was further
divided into tall vegetation and short vegetation.

Three methods were investigated for calculating ET on a regional basis.
All computed sensible heat flux density first, and then computed ETfrom the
energy balance equation. The first was to compute a bulk aerial resistance
(rB) from the ground truth sens i b1e heat fl ux measurement, and from remote
sensed surface temperature, and from air temperature. The values of rB were
applied to the surface-to-air temperature differences to compute H, and then
regional ET.

The second method .was to develop atmospheric·· stabi-lity-corrected heat
transport coefficients to apply in the turbulent boundary layer above the grass
surfaces. It was found that the temperature difference in the turbulent
layer (aTt) could be accurately calculated from the surface temperature to air
temperature difference (aTT). This !lTt was then used in calculating ET by
first calculating the sensible heat flux (H). The above procedure was applied
directly to the April 28 pasture scene to compute ET from the ensemble of
surface temperatures. For the citrus grove scene, a leaf-to-air resistance
term from the literature was adapted for the tall vegetation.

The thi rd method used ; ntegrated prof; 1e stab;l i ty correct; ons. Accurate
predictions from this method require the ability to determine the effective
height of the heat source (ZH) to apply to the effective source temperature.
Once this value was determined, the regional ET calculations were made for the
pasture scene.
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All three methods appeared to give consistent results. The fi-rst method
is the simp1est!t but it does require sensible heat flux density measurements
from a surface type to get bul k aeri a1 res i stance v.a 1ues. These vaTues cannot
be applied to other surface-types.

The second method and third method both require temperature profile mea­
surements, and preferably, wind profile measurements.

In this study, we did not test methods for predicting net radiation, Rn,
by remote sensed methods.

The methodology was tested only over short grass surfaces. The same type
of methods should apply over other vegetated surfaces, but the specific param­
eters would have to be determined. One effect that we saw was that the tempera­
ture gradients near the short grass surfaces were very large, much.larger than
for tall vegetation (e.g., row crops and trees). :

For this report we have not compared our results and data with simple pre­
dictive £T models .. This comparison could be done in the future.

Future work is needed on other types of vegetated surfaces to better de­
fine effects of wind speed, stability, surface roughness, plant height, leaf
area index, and soil moisture conditions on aerial resistances (and bulk
stomatal resistance). .

The use of remotely sensed surface temperatures does appear to offer a
reasonable way to calculate regional £T from surfaces with a variety oftem­
peratures. In the future, comparisons should be made between ET computed by .
relatively detailed surface temperature measurements and relatively large-scale
pixel temperature measurements.
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SFWMD plans to develop a three-dimensiona,l aquifer model to simulate the
movement of water beneath Florida1ssouthwest coast. In the first year effort
under the Water Resources Management Project, this model was to be examined
and its development guided to take maximum advantage of the latest remote
sensing technology. This was to include a detailed examination of the various
input parameters and identification of those amenable to measurement by remote
sensing.

To date this model is still in the most preliminary stages of development.
The basic equations describing surface and groundwater flow have been selected,
but the actual model development is still in progress and the necessary param­
eters are only vaguely defined. Consequently, a detailed examination of the
input parameters and a precise identification of those amenable to measure­
ment by remote sensing could not be made. Instead, a somewhat limited evalua­
tion of the application of remote sensing to the parameters already identified
is presented. Thi s bri ef treatment should be useful in gui di ng the development
of the model to take maximum advantage of the latest remote sensing technology.

The basic equations and parameters for the Surface Flow Model and Ground­
water Model are presented in Tables 5.7~land 5.7-2, respectively. These
models will describe primarily horizontal movement of water over the surface
and wi thi n the groundwater aqu i fer. Speci fi c terms in the Surface Flow Model
equations alloW water to enter and leave the surface flow (e.g., rainfall,
known flows, and pumpages) and to migrate from the surface to groundwater
(e.g., infiltration rate). In the Groundwater Model, water entering and leav­
ing the aquifer is described in a term W, which includes well withdrawals,
rainfall recharge, evapotranspiration, and leakance to lower of higher
aquifers.

Remote sensing is most applicable in defining parameters which follow the
movement of water on the surface, in describing the areal extent of surface
conditions (e.g., geology, drainage, vegetation) which might affect both sur­
face flow and flow between surface and groundwater, and in locating direct
evidence of links between groundwater and surface water (e.g., free-flowing
wells, areas of good drainage). Radar sensors currently under development may
soon extend this range below the surface.

The individual parameters amenable to remote sensing are indicated in
Tables 5.7-1 and5~7--2,together with,the applicable remote sensing measure­
ment and an evaluation of the feasibility of using the remote measurement as
a substitute for the present data base. Since the Surface Flow and Groundwater
Models are in a very preliminary stage, the feasibility rating must be con­
sidered quite tentative.

The feasibility evaluation contains three possible rankings. Only near­
term feasibility is considered because of the great uncertainty in predicting
long-term developments and because of the imnediacy of SFWMD's need for this
data. Near-term is taken to mean within the next decade. A ranking of one (1)
indicates that the technique is presently available and need only be applied to
this particular case. A ranking of two (2) means that the technique is cur­
rently under development, has shown cons i derabl e promt se, and is expected to be
widely available in the near future. Three (3) indicates that developing the
tpchniqlle w'i11 rpquit'c substantial additional research, but is quite possible.
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Parameters ;Remote Sensing Measurement Feasibility Present Data Base

A Flow cross-section

v Velocity

T Flow width

h Flow depth

Sf Friction slope

g Gravitational acceleration

n Manning's friction factor

area (water)

length (water)

water depth/vegetation
hlstorica~ flooding

a -function of n, v and the
hydraulic radius

vegetation

1

1

2
1

2*

Maps or design diagram

Direct measurement:
flowmeter

Maps

Stage records, topographic
maps

Computed from n

Known constant

Estimate based on vege­
tation, soil, and other
factors

B Momentum correction factor
•

d .Raindrop diameter

1 ... current 2 - highly probable (new sensors, some research)
*Ancillary data required

Surface Flow Model Parameters
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o Angle of inclination

Rem'ote Sensing,Measurement Feasibility Present Data Base

Field measurement or
estimated from topographic
maps

L Flow length

K Roughness size

Infiltration rate

Y Klnelnatic viscosity of .
water

1\ Terminal veloel ty of
raindrops

r Rainfall intensity

length (water)

vegetation

vegetation, land cover, soH
soil moisture

temperature
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1

2*

2*
3

2

2

Maps

Estimate based on vege­
tation, salls, and flow
depth

Lyslmeter, estimated
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landcover

Ground temperature
measurements, interpolated
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Simulated froin historical
or statistical events

• <.1'1.

q Inflow or outflow rate Known flows and purnpages

Surface Flow Model Parp.meters (cont'd)
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Param~ters Remote Sensing Measurement Feasibility Present Data Base

K Hydraulic conductiVity

b Saturated thickness of
aquifer

h Head of groundwater

x. y Coordinates of aqUifer

S Storage coefficient

soils

geology

geology

geology

2

1*

3

1

1*

Analysis of field pumping
tests. estimate '

Borehole measurement,
radioactive test, or geolo­
gical information

Direct measurement

Maps

Core sample or field
pumping test

. W Well withdrawal free-flowing wells (water 2
depth/vegetation)
free-flowing wells (temperature) 2

Estimate based on
measured water use·

Rainfall recharge

Evapotransipration,

Leakance between aquifers..

cloud top temperature
soil moisture; soils

vegetation, temperature

geology

2
3

3*

2*

Estimate based on
rainfall and soil

Pan evaporation

Estimate based on
geology

*Ancillary data required
1 - current - 2 - -highly probable (new sensors, some research)

Groundwater Model Parameters

Table 5.7-2

3 ---pOssible_ (new sensors,
extensive research)
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If it appears that remote sen~/;ng could not be used to measure a parameter, a
feasibility rating is simply fnot indicated. This material, including the
selected parameters and feasibility ratings, will be provided to SFWMD to aid
and guide them in developing the Three-Dimensional Aquifer Model.
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5.8.1 Introduction

The final goal of the project was to develop a complete Water Resources
Management Information System based on the latest state-of-the-art remote
sensing and data processing tehcno10gy and to demonstrate and then implement
this system on the various Water Management Districts' computer hardware. To
accomplish this goal, it was obvious that an indepth study would need to be
made of several factors. First, the requirements for water resources data
and existing as well as planned capabilities for storing and manipulating such
data within all of the five Florida Water Management Districts would have to
be documented. This effort would identify the needs for water resources data;
the methods of gathering, storing, and using such data; as well as the identi­
fication of data needs that were not being supplied through the present system
or being supplied inadequately. The IFAS would need to complete ~n academic
study of the identified data and data processing needs to de,fine the areas
where IFAS expertise could be applied to help satisfy these needs along with a
definition of an academic approach to the development of the Water Resources
Management Information System. The NASA personnel would need to complete a
review of all state-of-the-art remote sensing and data processing technology,
existing and planned, to determine their applicability to satisfying the data
needs previously identified. The results of these studies would be melded
into a camplete long range plan that would defi ne the steps requ i red to deve lop
the Water Resources Management Information System. The plan would delineate
the applicable remote sensing technology being developed, how it would be
phased into the long range goals, and those remote sensing research or appli­
cations development tasks needed to supply the defined data needs.

5.8.2 Study Team Functions

The NASA and IFAS study teams, depicted in Figure 3.2-1, met with the .
various Water Management District personnel to define their data needs.
Figures 5.8.2-1 through 5.8.2-4 depict the dates of the major planning meet­
ings, the key Water Management District personnel involved, and the technical
disciplines represented. After these major planning meetings between NASAjIFAS
teams and the key Water Management District representatives, many other meet­
ings took place between the individual NASA/IFAS team members and other repre­
sentatives from the various technical disciplines within the Water Management
Districts. Establishing, completing, and documenting the results of these
vari ousmeeting-s-was,theresponsi bi 1ity of tl1eT-eamCaptains. The team cap­
tains kept their respective Project Coordinators appraised of these meetings
and provided them with Memorandums for the Record documenting their meeting
results.

It can be noted from the meeting dates shown in Figures 5.8.2-1 through
5.8.2~4 that all of the major meetings took place before June 1978. The early
completion of meetings ~as required to provide information needed to develop
the follow-on FY 1979 studies which were due to NASA in June and July. Since
the IFAS contractural obligations did not begin until March 3, 1978, it was
impossible to complete an indepth study of the Water Management Districts'
needs in this short time. It will be noted that the Northwest Florida Water
Management District was not included in the meeting results. Again this was
rit/(, t.o the limitpcf tiUl~ ilvailable to comrletC' the plann in9 meetings.
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5.8.3 Team Meeting Results

The following sections depict the specific areas of interest as defined by
each of the four Water Management Oi stri cts. The topics 1is ted represent the
basic information from which the FY 1979 follow-on studies were developed.
They encompass primarily the remote sensing techniques development tasks, and/
or studies that would lead to such tasks, that would eventually lead to tech­
niques that would be able to provide data into the Data Base Management System.
There were other general areas of discussion resulting in more conmon needs
defined by the Water Management Districts that will be discussed in subsequent
section of this report.

5.8.3.1 South Florida Water Management District - Study Meeting Results

The following list depicts the results of the IFAS/NASA team meetings with
the SFWMO in the definition of specific tasks to be undertaken during the
FY 1979 period of the study.

a. Lake Okeechobee Volume Measurements

This need was a carryover from the FY 1978 study and was included to
verify findings accomplished during that study. For a description of this
task, see Section 5.1.

b. Improvement of Conservati on Area Water Storage Informati on

Th is need was a carryover from the FY 1978 study and was inc luded to test
the algorithms developed during that study in the Conservation Areas 1 and 2.
For a description of this task, see Section 5.2.

c. Overland Flow Measurements

This need was a carryover from the FY 1978 study and was included to
allow IFAS to continue collecting flow data for a complete hydrologic season
and to run the models with a complete newly developed Manning's N data set.
For a description of this task, see Section 5.3.

d. Three-Dimens;onalAquifer Model

This need was a carryover from the FY 1978 study and was included to
deve lop and tes t remote sens i ng techn i ques in the actual Three-Dimens i ona1
Model. For a description of this task, see Section 5.7.

e. Land Use Mapping

The SFWMO is in the process of placing all of their land use data on a
new Computer Vision digital mapping system. This task was to determine if
LANDSAT could provide a viable means for economically updating this data base.

f. Data Collection Platforms

Many of the data parameters required by agricultural, hydrological, and
environmental models cannot be supplied from the present state-of-the-art
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remote sens i 09 techni ques. Therefore, a study was go; ng to be undertaken to
determine which of these parameters could be provided through DCP's.

g. Floridan Aquifer Study

The Floridan Aquifer provides the majority of the aquifer fresh water
supply within Florida. However, little is known about this aquifer. During
FY 1979, the USGS planned to begin an indepth study of the Floridan Aquifer.
NASA and IFAS,through the SFWMD, planned to cooperate with the USGS to
determine how remote sensing could help define parameters concerning the
Flori dan Aqu i fer.

5.8.3.2 Southwest Florida Water Management District - StudY Meeting Results

The following list depicts the results of the IFAS/NASAteam meetings with
the SWFWMD in the definition of specific tasks to be undertaken during the
FY 1979 period of the study.

a. Flood Plain Extrapolation

A major requirement of the SWFWMD is to define the flood plains of water
bodies within their district. At the present time about 30% of their district
has been mapped using aerial photography at a very high cost. They were inter­
ested in determining if LANDSAT data could be used to map such flood plains to
an adequate resolution.

b. Well Field Drawdown

Saltwater intrusion into theaquifer from extensive well field drawdown
is a continuing problem in coastal lones. The SWFWMD has extensive historical
well field dr~wdown data from whi~h data could be derived to complete a study
to determine if there would be a relationship between temporal LANDSAT land
cover maps and the drawdown;data.

5.8.3.3 St Johns River Water Management District - Study Meeting Results

The following list ~epicts the results of the IFAS/NASA team meetings with
SJRWMD in the definition of specific tasks to be undertaken during the FY 1979
period of the study.

a. Upper St. Johns River Basin Study

This task involved the testing of a remote sensing data base in the newly
developed Upper St. Johns Basin decision making model. Final expansion of
this model would include environmental constraints, planning constraints, water
supply functions and a hydrological model. It seemed like a good development
test bed for the Water ResQurcesManagement Information System.

b. Okalwaha Hydrological Model

D-uring FY 1979 the SJRWMD planned to develop a specific hydrological model
for their Oklawaha River Basin.· During this development stage NASA and IFAS
woul dworkwith them to determi ne the data base requ; rements of the model and
define techniques for supplying this data base.
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5.8.3.4 Suwannee River Water Management District- Study Meeting Results

The following depicts the results of the IFAS/NASA team meetings with
the SRWMD in the definition of specific tasks to be undertaken during the

,FY 1979 period of study.

a. Floridan Agui fer Recharge

In the SRWMO the Floridan Aquifer is recharged through some of the lakes
in the area due to the low piezometric head. Some of the lakes in the area
perform a recharge function and others do not. Existing data indicates that
there is a correlation between rainfall, lake level change, and recharge rate
of the various lakes. Mapping of the lake surface areas from satellite data
may be correlated with available rainfall data and lake stage data to develop
a technique wherein satellite data alone may be used to determine which lakes
recharge the aquifer and perhaps the recharge rate.

5.8.4 General Findings

Aside from the specific remote sensing data base development and related
study factors defined in the previous section, there were five major areas of
concern that tended to be cOlTlllon to all Water Management Di s tri cts. These
major areas of concern were the areas wherein the Long Range Plan would con­
centrate in developing means for meeting all of the corrmon needs of the Water
Management Districts which would culminate in a complete Water Resources
Management Information System. A general discussion of these areas, including
the findings to date, ;s included in the following sections.

5.8.4.1 Hydrology

The most developed area of concern defined by the Water Management Dis­
trict is the area of Hydrology. This area would include surface. water hydro­
logic models; aquifer water hydrologic models; water storage balance models
for lakes, reservoirs, marshland storage areas, etc. These models and algo­
rithms are used by the Water Management Districts to develop data concerning
available water for water resources planning, operations, and regulation func­
tions within their districts. ' The level of maturity of development in this'
area varies with respec:ttO. t.~.~(igeof the variou~ districts~, Thatjs, some
districts have well developed models that are currently being run on their
own computers while other districts have not yet found a real need for hydro­
logical models. The plan was to develop an area ,of commonality among the
districts so that a general set of hydrologic models and algorithms could be
used by all districts. The data gathering techniques to support these models
and equations would be developed in parallel to the model development. Ex­
amples of such data support development can be seen in the previous section
wherein the proposed FY 1979 tasks are described. These remote sensing data
sources and other data sources, defined to support the hydrological models
and algorithms, would then be included in the Data Base Management System,
discussed in a subsequent section.

5.8.4.2 Water Use

During theIFAS/NASA team meetings with the Water Management Districts,
it was found that one of the major areas of need was information (i .e., data
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and models) in the area of water use and/or water demand. The area of water
use encompasses agricultural, urban, and industrical water needs. The impor­
tance of information in these various areas will depend upon the specific
Water Management District's needs. However, in all cases it was obvious that
there was a competition for water among these various groups with the agricul­
tural water use area being one of the most critical areas in which information
was lacking. This being the case, a proposed NASA/IFAS study, beginning in
FY 1979, was defined to begin research to develop water balance, water demand,
crop yield, and economic models for agricultural crops in Florida that are
highly dependent upon water to provide a viable crop. Even though the need
for data, models, etc., in the areas of urban and industrial water needs was
not as great, it was obvi ous that further development was requi red in these
areas to provide a complete water use inventory system. One of the more com­
plex, and 1east known, areas of need concerning water use was found to be the
ability to define the economic value of water in the three major areas of
use: i.e., agricultural, urban, and industrial. To provide such information,
it was obvious that an indepth study would be needed in each of these areas
to develop economic models that could be used in conjunction with the water
use models being developed.

An example of what would be involved in developing information for water
use and economi c data to model water was for one agri cul tura1 crop; i. e. ,
pasture, is as follows:

a. Pasture Water Use

(1) Determi ne pasture water demand components by measuri ng ra i nfa 11 ,
irrigation, runoff, drainage, and soil moisture status.

(2) Determine evapotranspiration rates, as function of atmospheric
demand, forage species, soil water status, and management practices.

(3) Determi ne the re1at; onshi p between evapotranspi rati on and forage
yield and quality.

(4) Develop a predictive model for evapotranspiration and yield as
functi ons of atmospheri c demand, forage spec; es, soi 1 wa ter status, and manage­
ment practices.

b. Economic Models

(1) Determine the decision making strategies of individual irrigators
in a study area regarding choice of particular systems and operation of those
systems.

(2) Determine the investment and variable cost of irrigation system
type.

(3) Determine, in quantitative manner, the impact of other cultural
practices and input levels on the level of irrigation and irrigation strategies.

(4) Evaluate the impact of current institutional rules and regula­
tionsonwater use.



- 5.8-13-

Such a study would be required on each m~ajor irrigated crop within the
state of Florida. However, within the IFAS organization a large amount of such
data exists and more is being developed through their on-going water program
which has been greatly. expanded for FY 1979.

5.8.4.3 Envi ronmenta1

One of the least defined areas where information is required concerns the
environmental area. Much of the water storage of surface freshwater for use
within the state involves marshland areas. The storage of water in these
areas cannot only affect the quality of water stored therein~ but the storage
of water in such areas can have a dramatic effect on the ecosystem of the marsh­
1ands . Therefore, research needs to be completed to develop envi ronmenta1
models that could be used to determine in advance what water storage in marsh­
lands would do to the ecosystems. The University of Florida Center for Wetlands,
through work wi th the St. Johns Ri ver Water Management Oi stri ct (SJRWMD),' has
begun to define an environmental study. This task involves a study area called
the Jane Green Swamp, a presently un-impounded marshland area, with an existing
impounded area, the Taylor Creek marshland area. Plans are for the University
of Florida to accomplish a one-year study of these areas. After this time they
felt that they would have enough information to define a joint University of
Florida/NASA study for the development of a marshland environmental model that
could use remote sensing as a major portion of its data base.

There were other areas within the scope of environmental data and model
needs identified that required further study to better define the needs. These
include water quality modeling which would be attached to the current hydro­
logical models. These models could be used to determine the impact of urban
development, industry, and agriculture on water runoff and storage quality.
P~oposed studies in this area include examining the Hydrocomp, Hydrologic
Simulation Program FORTRAN, water qua-lity model developed for EPA tQ detennine
if it could be used to model water quality for typical Florida runoff and
storage conditions.

Another area of environmental study identified was the impact of well
field drawdown. An initial effort in this area was defined in the well field
drawdown study defined in the task described in a previous section.

5.8.4.4 Climatolrigical

Two climatological factors, evapotranspiration and rainfall, were identi­
fied as the most critical in all of the modeling efforts and for which present
data sources provide a very inaccurate data base which produces poor results
in water balance and water use equations. The development of remote sensing
techniques to provide an improved data base for these two important factors
was started under the FY 1978 study project. However, these efforts were con­
sidered only a feasibility study phase and a more indepth study for these areas
was proposed for the FY 1979 study period.

A description of these important areas of research will not be included
in this section since they are adequately discussed in subsequent sections
concerning the results of the FY 1978 studies.
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5.8.4.5 Data Base Management System

A flexible computer oriented data base to provide timely data for the
various models, etc., discussed above, was defined by all of the Water Manage­
ment Di stri c ts as a prime need. The development of the Water Resources Manage­
ment Information System (WRMIS) data base was started through the meetings
with the various WMDls and through the remote sensing techniques developed
tasks. Studies of existing NASA data base management systems: e.g., AOIPS and
IBIS, were started to determine ifan existing system could be used or if a
new system would need to be developed due to the extensiveness of the data
base and the need for it to include remote, sensing data and ancillary data of
poi nt source type, area1 type, and time seri es vari ab1e. One of the maj or
areas of study proposed for FY 1979 through an effort by a Kennedy Space
Center contractor, Computer Sciences Corporation, was a continuation of this
effort to develop a Data Base Management System. This effort would have in­
cluded the review of all applicable commercial data management systems; e.g.,
Hydrocomp's HSPII, COMAC, etc.; as well as other systems developed through
NASA. The study would have also included the evaluation of applicable com­
puter hardware for operation of the data base including main-frame systems
versus multi-mini systems. The study would include an evaluation of existing
and proposed expansion of each WMD's computer system to assure that the data
base could be used by all districts.

5.8.5 Long Range Plan Conclusions

The above result~j of the meetings and studies concerning the development
of the Long Range Plan consist of a status report on this task. As mentioned
in the introduction to this report, the carryover FY 1979 and subsequent
year's efforts on the project were not funded by NASA Headquarters, therefore
the effort to develop the Long Range Plan was brought to a close in August of
1978.




