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Quantification of Hydrologic Processes and
Assessment of Rainfall-Runoff Models in

Miami-Dade County, Florida

By David A. Chin and Raul D. Patterson

Abstract

A study was conducted to identify phenomenological
equations that accurately describe the hydrologic processes
fundamental to modeling runoff from individual storm events
in southern Florida. The ability to accurately model these
processes at a variety of spatial and temporal scales is essen-
tial to the adequate design of stormwater-management
infra-structure and the selection of computer codes that
incorporate realistic models of hydrologic processes.

Analysis of 8 years of hourly rainfall measurements
within a 100-square mile study area in Miami-Dade County
indicates that rainfall amounts in individual storm events tend
to be significantly correlated over distances of about 2 miles,
rainfall durations tend to be significantly correlated over
distances of about 4 miles, and storm events with durations of
at least 24 hours have rainfall amounts significantly correlated
over distances of about 4 miles. These statistics should be
considered in assessing the adequacy of rain-gage densities
used in regional models. A review of the temporal distribu-
tion of rainfall within individual storm events indicates that
24-hour hyetographs tend to be much more uniform than
the South Florida Water Management District/U.S. National
Resources Conservation Service Type 111 hyetograph, which
has a characteristic peak in the center of the storm.

Infiltration is an important hydrologic process, and the
infiltration capacities of surface soils can have a controlling
influence on the amount of runoff resulting from individual
storms. Double-ring infiltrometer tests were conducted at
97 sites within the 100-square mile study area, and measured
infiltration capacities were related to U.S. Department of
Agriculture estimated hydrologic soil group, soil texture, and
land use. Relations derived in this study indicate that:

(1) infiltration capacities can be reasonably estimated from
either soil group or soil texture; (2) estimates of infiltration
capacities are relatively insensitive to land use; and (3) the
infiltration capacities reported in this study area are substan-
tially higher than those typically associated with the native

soil characteristics. The higher infiltration capacities reported
in this study are attributed to the influence of soil cover and
anthropogenic soil disturbances.

In applying the Horton model to the infiltration measure-
ments, the decay factor is relatively insensitive to either the
soil group or soil texture, and a typical decay factor of
0.32 minute™" is associated with all soils. This indicates a rapid
transition from the initial to the final infiltration capacity. Most
measured infiltration capacities exceed the maximum (hourly)
rainfall rate measured between 1997 and 2002, indicating that
the majority of rainfall in pervious areas infiltrates and that the
Hortonian model may not be adequate to explain runoff from
pervious areas.

A rainfall-recharge relation of the form y = m(x — 8) is
consistent with observed data where y is the change in the
elevation of the water table in response to a rainfall event of
depth x, & is the threshold rainfall below which no recharge
occurs, and m is the slope of the rainfall-recharge relation
that can be approximated by the inverse of the specific yield
of the surficial aquifer. The threshold rainfall, 5, depends on
antecedent moisture conditions and varies between zero and a
maximum value.

Analyses based on hourly rainfall-recharge data at five
monitoring wells in the study area indicate an average specific
yield of 0.23 and a threshold storm-event rainfall of 0.24 inch,
whereas analyses based on 15-minute data indicated a
specific yield of 0.26 and a maximum threshold rainfall of
0.37 inch. Results based on the 15-minute data are probably
more accurate because rainfall extrapolation errors are not
present. Analyses of daily average rainfall-recharge data
indicate that the rainfall-recharge relations cannot be estab-
lished using daily time increments. The rapid dissipation of
recharge mounds on daily time scales causes little observable
change in the daily average water table in response to daily
rainfall. Upscaling of the rainfall-recharge relation for daily
time scales must be based on the rainfall-recharge relation at
the storm-event scale.

Analyses of evaporation from the saturated zone during
extended dry periods indicates that the evaporation process
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can be described by a linear model where the saturated-zone
evaporation rate is equal to the ground-surface evaporation rate
for a depth d, and then decreases to zero at a depth d . Four of
the five locations investigated in this study support this model
where the average value of d is 4.5 feet, and the average value
of d_ is 8.3 feet. In some cases, the evaporation rate may be
1ndependent of the depth to the water table, which occurred at
the most urbanized location. Local saturated-zone evaporation
rates can be estimated with a good degree of certainty from
careful analysis of hourly measurements of water-table
elevations.

Steady-state leakage from canals in southern Florida can
be estimated from the relation presented in an earlier study,
which was validated using measurements in and around the
L-31N canal. Results from this study demonstrate that the
relation in the earlier study is also applicable in unsteady-state
cases where the time scale of fluctuations substantially exceeds
10 minutes. Analyses of data collected in the study area
indicate that the estimated hydraulic diffusivity derived from
tidal propagation theory combined with an effective storage
coefticient of 0.007, can be used to estimate local trans-
missivities and then the leakage relation.

The accuracy of conventional urban runoff models was
assessed by comparing field measurements of peak runoff
from two urbanized catchments with the predictions of two
conventional runoff models. This comparison indicated fair
agreement between the measured and simulated peak runoff
rates. The conventional urban runoff models used the non-
linear reservoir model to estimate surface runoff from rainfall
excess, and rainfall excess was computed using the Horton
model. These analyses indicate that conventional models
perform adequately in estimating peak flows as a means to
design drainage structures.

The formulation of several software codes, reports of
previous experiences using these codes, and the consistency
of these codes with the findings of this study were reviewed
and the following conclusions are drawn: (1) on the urban-
catchment scale, both the Surface Water Management Model
(SWMM) and Modeling of Urban Sewers (MOUSE)
adequately account for the key processes, and relatively
accurate results can be expected; and (2) the MIKE SHE
model seems to better simulate regional-scale conditions,
primarily because of the integrated nature of this model;
however, sufficient and accurate data are, in most cases, not
available to take advantage of the distributed and integrated
nature of this model.

Conclusions drawn from this study are based mostly
on data collected within the 100-square mile study area,
and where possible, the results have been extrapolated to
the greater southern Florida area. The fundamental relations
derived and validated in this study provide a sound basis for
modeling event-scale rainfall-runoff processes in southern
Florida, and should form the basis for selecting and develop-
ing computer codes that are useful in the development of
hydrologic models at catchment, basin, and regional scales.

Introduction

The hydrology of southern Florida has been and
continues to be altered by population growth and human
encroachment onto the natural landscape. Urbanization causes
changes in the rainfall-runoff process in various ways. As
more land area becomes covered with impervious surfaces (for
example, roads, buildings, and parking lots), and as natural
vegetation is removed and the soil compacted, the natural
infiltration capacity is lowered, causing an increased fraction
of rainfall to become runoff. Increased agricultural use can
also lead to increases in surface runoff (Kim and others, 2002).
In southern Florida, the increased surface runoff associated
with urbanization is partially accommodated by stormwater-
management structures that typically are designed to remove
surface runoff from rainfall events with return periods of about
5 to 10 years. The most common stormwater-management
systems in southern Florida include exfiltration trenches (also
known as French drains) and retention ponds that are intended
to route surface runoff to ground-water recharge.

Lin and Perkins (1989) reviewed many of the
conventional methods for predicting predevelopment runoff
in southern Florida, and assessed the applicability of various
conventional models for predicting or simulating these runoff
conditions. Conventional approaches relate a runoff hydro-
graph to such factors as the intensity and duration of rainfall,
initial abstraction, initial soil-moisture content, soil-infiltration
capacity, flow length, and average slope of the land surface.
The conventional computer codes used in simulating the
hydrologic response of urban areas consist of node-link
formulations where catchment areas are divided into sub-
catchments, and runoff hydrographs from these subcatchments
are routed through drainage structures and conduits to yield
runoff hydrographs at the catchment outlet. Inundation (flood-
ing) occurs when surface runoff exceeds the capacity of the
drainage system.

Conventional urban hydrology models do not generally
simulate inundation, and site-specific models must be
developed when needed. Hsu and others (2000) developed
such a model, wherein a two-dimensional overland flow
submodel is applied when the capacity of the drainage system
is exceeded. The identification of inundation zones typically
requires an accurate digital elevation model. Accurate simula-
tion of areas of inundation can support decisions on preventing
flood damages by redesigning and enlarging the capacities of
storm drainage systems in inundation-prone areas. Regular
flooding in urban areas normally is not life threatening but
can cause a temporary inconvenience and financial burden
on community residents. Such flooding is sometimes called
“nuisance flooding” (Fennessey and others, 2001).

In rural areas that include agricultural fields and
undeveloped land, overland flow is controlled by the topog-
raphy, land cover, and soil type; and overland flow can be
appropriately simulated by two-dimensional diffusive over-
land flow models. This is particularly true in undeveloped



areas of southern Florida that are characterized by low slopes,
widespread ponding, and slow regional-flow dynamics (Lal,
1998). Kinematic-wave models are inadequate for these cases
because they neglect backwater effects. Topographic
depressions that hold water in the form of small lakes, wet-
lands, and ephemeral ponds have important hydrological
functions. To account for these depressions in hydrologic
models, the depressions must be characterized by their depth-
storage relations; however, digital elevation models usually do
not have sufficient resolution to provide these depth storage
relations. Hayashi and van der Kamp (2000) demonstrated the
applicability of power functions to describe the depth-

volume relation in depressions. Nevertheless, more research is
required to determine if these equations adequately describe
conditions in southern Florida.

The canal basins of eastern Miami-Dade County were
first delineated in the 1950s by the U.S. Army Corps of Engi-
neers (USACE) in their General Design Memorandum for the
Central and Southern Flood Control Project. Presented in that
memorandum were the USACE analysis of the hydrology of
each basin and an assessment of the flood risk from a storm of
specified intensity and duration. Based on the hydrology of the
basins, the USACE designed the system of canals, levees, and
control structures to provide a desired level of flood protec-
tion for each basin. The canal system in southern Florida was
designed to accommodate about 40 percent of the standard
project flood, which is defined as the runoff resulting from a
rainfall event equal to 1.25 times the 100-year 5-day storm.
According to Allman and others (1979), this relation approxi-
mately corresponds to the 10-year 5-day storm within Miami-
Dade County. A unit-hydrograph approach was used by the
USACE to route the overland rainfall excess to the canals.
Abstractions included storage in the unsaturated zone and
evapotranspiration, which could probably have been neglected
for individual storm events. Allman and others (1979) pro-
posed a simple rainfall-runoff model where surface runoff
occurs only when the storage is filled in the unsaturated zone.

The canal network in southern Florida acts as a strong
hydraulic control, affecting surface runoff, water-table
elevations, and the exchange of ground water with the canals.
Positive drainage systems transport surface runoft into
receiving water bodies without any detention or retention
pretreatment; in southern Florida, a limited number of positive
drainage systems provides for the discharge of surface runoff
directly into the canal network. Canals in Miami-Dade County
are primarily designed to provide flood protection for the
corresponding basins, with secondary functions including land
drainage for agricultural, urban, and residential developments
as well as regulation of ground-water elevations to prevent
saltwater intrusion (Cooper and Lane, 1987).

Gated spillways in the canals regulate flow by
discharging excess water from the canal basins during flood
conditions and maintaining minimum water levels in the
canals during drought periods. In some cases, the water table
may take several days to respond to lower canal stages,
limiting the effectiveness of flood control (Khanal, 1982).
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In western Miami-Dade County, the contribution of
canals to the hydroperiod in Everglades National Park also is a
concern. Damage to crops can be caused when the water table
is too close to the ground elevation for an extensive period
of time. For example, Wedderburn and others (1981) defined
unacceptably high ground-water conditions within a particular
agricultural area as the water-table elevation being less than
1.5 ft below land surface for 48 hours or more. A ground-
water model is necessary to predict the lowering of the water
table in the aquifer in response to a lowering of the stage in the
canal.

A wide selection of numerical models has been used to
simulate the rainfall-runoff process in southern Florida. The
U.S. Environmental Protection Agency Surface Water
Management Model (USEPA/SWMM) by Huber and
Dickinson (1988) was applied by the Department of
Environmental Resources Management (DERM) in Miami-
Dade County where canal basins were delineated into several
subbasins. The appropriate runoff formulation for all
subbasins was left unresolved because most rainfall was
retained within the subbasins, and direct rainfall and runoff
measurements were not taken for positive drainage basins.

The South Florida Water Management Model (SFWMM)
is a large-scale regional model (MacVicar and others, 1984;
South Florida Water Management District, 1997) where
rainfall-runoff relations are approximated for large spatial
domains (2- x 2-mi cells) with time steps of 1 day. This model
uses a two-dimensional diffusion flow model to simulate
overland flow (Fennema and others, 1994; Lal, 1998). The
ground-water component of this model is two dimensional and
can neither simulate cones of depression around well fields
nor flow in the unsaturated zone. Yan and Smith (1994)
proposed combining the SFWMM with MODFLOW to
produce an improved model, but this has yet to occur.

In an effort to model the performance of the canal system
in response to rainfall in southern Miami-Dade County, Swain
and others (1996) developed the MODBRANCH package that
combines the BRANCH network dynamic flow program to
simulate the canal system with the MODFLOW program to
simulate the ground-water system. In many applications of this
model, a fraction of the rainfall is allocated to ground-water
recharge, and the rest is allocated to evapotranspiration. The
MODBRANCH model was not designed to account for runoff
processes directly. Other models have been developed
primarily for stormwater runoff applications in southern
Florida, such as the South Florida Water Management District
Stormwater Runoff and Pollutant Model developed by Xue
(1996). Such models have been used primarily to assess the
environmental impact of urban development. Although
numerous hydrologic models have been applied in southern
Florida, validated rainfall-runoff relations in Miami-Dade
County do not exist (Savabi and others, 2001).

The interaction of surface water and ground water is an
important component in the hydrology of southern Florida
and generally must be accounted for in any large-scale model
that attempts to calculate runoff from rainfall (Yan and Smith,



4 Quantification of Hydrologic Processes and Assessment of Rainfall-Runoff Models in Miami-Dade County, Florida

1994). The use of integrated ground- and surface-water models
(also called conjunctive models) is highly desirable because
inconsistent results are likely to be generated when two
separate models are used to simulate the highly interactive
hydrologic systems.

Low topographic gradients, high interconnectivity
between ground water and surface water, a network of
canals that penetrate the water table, and numerous flow-
regulation structures along the canals exist in southern Florida.
To construct the models needed for flood-control operations,
efficient and accurate algorithms are needed to represent the
subprocesses in the rainfall-runoff relation. The results of
this study, conducted by the U.S. Geological Survey (USGS)
in cooperation with the South Florida Water Management
District (SFWMD), provide an essential basis for constructing
models that can accurately analyze large-scale stormwater-
management practices in southern Florida.

Purpose and Scope

The purpose of this report is to delineate the predominant
hydrologic processes that affect the representation of rainfall-
runoff in numerical models of the urban areas in Miami-Dade
County, southeastern Florida. This report describes the experi-
mental protocol used to collect and analyze hydrologic data in
Miami-Dade County and documents conclusions drawn from
these data with respect to temporal and spatial characteristics
of rainfall in southern Florida; the relation between infiltra-
tion characteristics, soil hydrologic group. and soil texture; the
relation between rainfall and direct (ground-water) recharge;
the relation between direct evaporation from the water table
and depth of the water table below land surface; estimation
of canal leakage; and estimation of surface runoff. Equations
that describe hydrologic processes identified in this study are
contrasted with the process models that are built into vari-
ous computer codes, including MIKE SHE, Surface Water
Management Model (SWMM), Modeling of Urban Sewers
(MOUSE), MODBRANCH, and MODNET. Previous research
on rainfall characteristics, infiltration, direct recharge, canal
leakage, and overland flow processes at the storm-event scale
are discussed in detail in the appendix.
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Description of Study Area

The study area encompasses about 100 mi* in Miami-
Dade County, southeastern Florida (fig. 1). The hydrologic
features include the C-102, C-103, C-103N, Military, North,
and Florida City Canals in and around Homestead. The phys-
iographic features present in the study area include parts of
the Everglades, Atlantic Coastal Ridge, and coastal marshes
and mangrove swamps (fig. 2). The Atlantic Coastal Ridge
is 2 to 10 mi wide and has ground elevations ranging from
8 ft to as much as 20 ft above NGVD 1929 in some parts of
Miami-Dade County (Lietz, 1999). The Everglades and coastal
marshes and mangrove swamps have ground elevations that
are lower than the Atlantic Coastal Ridge.

Land use is quite variable in the study area, with
agriculture being the most predominant type. Highly urbanized
areas (commercial, industrial, and residential) are located in
the central part of the study area (fig. 3). Agriculture is diverse
(row crops, fruit tree groves, and plant nurseries) and
commonly located on soils suitable for the specific purpose.
For example, most field nurseries are located on marl soil,
because this type of soil facilitates the harvest of palms or
large trees and shrubs; and container nurseries are located on
rock land, because plants require land that is level, compacted,
and well drained. A third type of nursery utilizes greenhouses
for producing bedding plants or tropical foliage, such as
orchids and bromeliads.

Meteorologic Characteristics

Climate in Miami-Dade County is marine subtropical
characterized by long, warm, rainy summers and mild, dry
winters. Meteorological data, summarized in table 1, indicate
the range of conditions present in the study area. These data
include the average monthly temperature, average monthly
total rainfall, and average maximum evapotranspiration rate
for a representative calendar year. The mean annual temper-
ature is 75.6 °F, the average annual total rainfall is about
57.5 in., and the maximum average evapotranspiration rate is
0.17 in/d.









































































































































































































from the DCPA, with runoff from the pervious area occurring
only when the rainfall rate exceeds the infiltration capac-

ity of the pervious area. Given the relatively high infiltration
capacities associated with pervious areas in the study area, it is
plausible to expect that the accuracy of rainfall-runoff

models would be influenced by the accuracy with which DCIA
is estimated.

To assess the importance of DCIA in predicting runoff,
the ratios of the SWMM runoff volume to the rainfall
volume for each of the significant runoff events from the
outfall catchment areas were plotted (fig. 52). Points on the
dashed lines indicate that the ratio of runoff to rainfall is equal
to the ratio of DCIA to total catchment area, which is 23.5
and 28.6 percent for outfalls | and 2, respectively.

The results shown in figure 52 indicate that the
rainfall-runoff ratio generally is close to the DCIA ratio,
indicating that accurate estimation of DCIA is an important
element in developing accurate and physically representative
surface-runoff models. This assertion is tempered by the fact
that estimation of DCIA in many cases can be quite specula-
tive, particularly when the path taken by runoff from drive-
ways and roadways cannot be guaranteed to reach stormwater
inlets, such as in the residential areas of southern Florida
where curbs and gutters typically do not line the roadways.
This can allow DCIA runoff into the grassy areas adjacent to
the roadways, thereby decreasing the effective DCIA.

The results shown in figure 52 further indicate that,
although the DCIA ratio gives a good indication of the
rainfall-runoff ratio, the actual rainfall-runoff ratio is, in most
cases, higher than the DCIA ratio. This is most likely a result
of the additional runoff from pervious areas. Based on these
results, and the dominant influence of DCIA on the rainfall-
runoff process in urban areas, more research on the extent of
DCIA associated with individual stormwater inlets would be
useful for developing more accurate surface-runoff models.

Assessment of Rainfall-Runoff Models

Urban stormwater-management systems are typically
assessed using either “planning” or “design” models. Plan-
ning models are used for broad assessments of urban runoff
problems, and for estimating the effectiveness and costs of
abatement procedures. Data requirements are typically kept to
a minimum. Conversely, design models are used for detailed
simulation of individual storm events, and data requirements
may be moderate to very extensive, depending on the particu-
lar model being employed (Huber and Dickinson, 1988).

The utilization of the NRCS curve number (CN)
approach to calculate surface runoff from individual storm
events is widely used in planning models (Bhaduri and oth-
ers, 2001), and it has been estimated that 60 percent of the
hydrologic studies conducted use variants of the CN method
(Fennessey and others, 2001). Hydrologic soil group and soil
cover are the relevant factors in determining the CN, which
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usually is treated as a constant even though it is actually a
random variable. McCuen (2002) investigated the probability
distribution of the CN in five predominantly rural watersheds
and reported that the quantity 100—CN fit the gamma distribu-
tion, which can then be used to develop confidence intervals
for CNs.

Integrated hydrologic models simultaneously simulate
surface flow (including overland and channel flow), unsatu-
rated-zone flow, and ground-water flow, and such models
are desirable for basin-scale hydrologic models in southern
Florida. Integrated models offer the greatest benefit for simu-
lating and linking all components of the hydrologic system in
a dynamic manner. Although numerous surface- and ground-
water models have been developed separately and used
extensively through years of research and field applications,
few models have been developed with the objective of fully
integrating both surface- and ground-water components of the
hydrologic cycle.

A detailed review of current surface-runoff models can be
found in Singh and Woolhiser (2002). Because many of these
models do not account for the role of ground water on surface-
water runoff, they are not applicable to basin-scale models in
southern Florida.

In recent years, a few comparative studies have been
made of integrated models and semi-integrated models.
Kaiser-Hill Company (2001) assessed and ranked several of
the most popular commercially available, integrated and semi-
integrated models including: (1) MIKE SHE; (2) SWMM;

(3) TOPOG-Dynamic (by CSIRO, Australia); (4) SWAT
(by USDA); (5) PRMS (by USGS); (6) HSPF (by USEPA);
(7) SWRRB (by USDA); (8) DHSVM (by the U.S. Depart-
ment of Energy); and (9) MODBRANCH (by USGS). A study
by Camp, Dresser, & McKee (2001) yielded the following
overall ranking of integrated and semi-integrated hydrologic
models: (1) MIKE SHE; (2) MODFLOW; (3) HSPF;

(4) SWMM; and (5) MODBRANCH. Only in the case of
MIKE SHE was the linkage of ground- and surface-water
components created as part of a unified model development
process, and this model was not at the top of the list in both
comparative studies.

MODBRANCH was created by linking previously
developed surface- and ground-water models, the MODFLOW
ground-water code was enhanced with the addition of interac-
tive surface-water packages, and the SWMM and HSPF catch-
ment-scale surface-water codes were enhanced with ground-
water representational capabilities. In the Tampa Bay area
of west-central Florida, HSPF and MODFLOW were joined
together into a single program called the ISGW model that
simulates the interaction of surface water and ground water.
Both MODFLOW and SWMM are used widely and have a
high degree of regulatory acceptance.

Discharge through water-control structures in canals
typically is calculated as a function of headwater elevation,
tailwater elevation, and gate opening. The discharge equations
for southern Florida structures are coded into the FLOW com-
puter program for automatic computation. In southern Florida,
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the most commonly used structures are gated spillways,
gated culverts, and weirs. Details of the appropriate equations
for calculating flows through control structures in southern
Florida can be found in Otero (1995).

The importance of an integrated model to simulate canal
flows with hydraulic structures was highlighted by Allman and
others (1979), who noted that low head differentials develop
across canal structures where the aquifer transmissivity is
high. Accounting for this phenomenon is important because
it prevents optimal canal stages from being maintained during
the dry season.

The Subsurface Waste Injection Program (SWIP) code
was used by Merritt (1996) to develop a comprehensive model
of the surface- and ground-water system in southern Miami-
Dade County, and monthly time steps were used in this model.
(The SWIP code was developed by INTERCOMP Resource
Development and Engineering, Inc., in 1976 under the spon-
sorship of the USGS.) MODFLOW was used by Restrepo
and others (1992) to develop a three-dimensional model of
the surficial aquifer system in Broward County. Model cells
were 1,000 ft in the east-west direction and 2,000 ft in the
north-south direction, and monthly time steps were used. In
assessing their model, Restrepo and others (1992) noted that a
fully integrated, unsaturated and saturated flow model should
be developed for Broward County, with finer grid spacing and
with stress periods much shorter than 1 month (ideally
5 days or less). Trimble (1986) used a node/link formulation to
develop the South Florida Regional Routing Model to simulate
the movement of water on monthly time scales.

The accuracy of several rainfall-runoff models was
assessed by Trommer and others (1996), who measured
the rainfall and corresponding runoff in 15 west-central
watersheds, and then compared the peak runoff rates, runoff
hydrographs, and runoff volumes with simulation results from
several commonly used runoff models. The models used by
Trommer and others (1996) were the: (1) rational method,

(2) USGS regression equations, (3) NRCS TR-20 model
(which uses the CN method), (4) USACE HEC-1 model, and
(5) USEPA SWMM model. The watersheds studied by Trom-
mer and others (1996) ranged from fully developed urban to
undeveloped natural watersheds and from 90 acres to 15 mi?
in size. Watersheds in southern Florida tend to have flatter
slopes, more permeable soils, lower stream gradients, higher
ground-water levels, and larger wetland areas than watersheds
used in the development of many of these models (Trommer
and others, 1996). The key findings from Trommer and others
(1996) are as follows:

* The rational method overestimated the peak discharges
for all watershed types with less error in urban than
natural or mixed watersheds.

* The TR-20 CN model tended to overestimate the peak
discharges and runoff volumes for storms occurring
1n all watershed types; errors decreased as the average
CN of the watershed increases.

« In applying the SWMM model, comparisons of
estimated and observed peak discharges and runoff
volumes (calculated with the Green-Ampt and Hor-
ton infiltration models) report were similar; peak
discharges for most storms were overestimated, and
estimates of runoff volume were more accurate.

Mean estimation errors for peak discharge indicate that
the Green-Ampt and Horton infiltration methods are more
accurate for urban watersheds than for mixed or natural water-
sheds. For urban watersheds, the USGS regression equations,
TR-20 model, and SWMM model using the Green-Ampt and
Horton infiltration methods had standard estimation errors less
than 65 percent. The rational and HEC-1 models had standard
errors of 193 and 121 percent, respectively. In estimating
runoff volume, the SWMM model (with the Green-Ampt and
Horton infiltration methods) had standard estimation errors of
26 and 44 percent, respectively, for urban watersheds. The
TR-20 and HEC-1 models had standard errors of about
60 percent, and the USGS regression equation had a standard
error of about 81 percent for the urban watersheds. Comparing
the model predictions based on standard errors, Trommer and
others (1996) concluded that the TR-20 model was more
accurate than the other models in estimating the peak
discharge, and the SWMM model with the Green-Ampt
infiltration was more accurate for estimating runoff volumes.

The widespread utilization of GIS is causing a
fundamental shift from lumped to distributed watershed
models (Ogden and others, 2001a), with the controlling factors
in this shift being data availability, GIS-module development,
fundamental research on the applicability of distributed hydro-
logic models, and regulatory acceptance of these new tools and
methodologies. Rainfall-runoff relations are quite variable for
small rainfall events, which can be related to the importance of
initial soil moisture conditions for these events (Seibert, 2001).
In these cases, continuous models may perform better than
event-based models. In flood forecasting, event-response mod-
els often are sufficient, eliminating complexities of continuous
moisture accounting, evaporation, and long-term dynamics.

The uncertainty in (mathematical) model output is a
function of both the uncertainty in the input data (measure-
ment errors, heterogeneity, and effective values for a grid cell)
and the process description. The phenomenon that equally
good model simulations might be obtained in many different
ways, called “equifinality,” is commonly found in hydrologic
modeling (Seibert, 2001).

MIKE SHE

The MIKE SHE code is named after Michael B. Abbott
(MIKE), principal author of the code, and the Systéme
Hydrologique Européen, SHE (Abbott and others, 1986a;
1986b). A description of the MIKE SHE code can be found in
Refsgaard and Storm (1995). The MIKE SHE code is widely
used internationally, but is less well known in the United
States. MIKE SHE is the standard code used for hydrologic



analysis in many European countries (Singh and Woolhiser,
2002). According to Kaiser-Hill Company (2001), MIKE
SHE represents each of the three main hydrologic processes
and their dynamic interaction (surface flow, unsaturated-zone
flow, and ground-water flow) as well or better than all other
codes reviewed. MIKE SHE is distributed in space and time;
uses spatial and temporal data; and is capable of providing a
variety of output types, such as time series of streamflow at
different points on the drainage channel and two-dimensional
maps of ground-water levels. The MIKE SHE code is limited
to square grids and is capable of using digital elevation model
data directly. The code uses ArcView as the basis for most of
its graphical interfacing, and has several extensions written
directly in ArcView for contouring and data visualization and
manipulation. MIKE SHE is an externally coupled conjunc-
tive model (Freeze, 1972; Morita and Yen, 2002), in which
the surface-flow submodel and subsurface-flow submodel are
solved separately in succession without iteration between the
submodels.

By discretizing the catchment area into a large
number of grid squares and layers, water-flow processes can
be simulated, accounting for spatially variable input such as
soil hydraulic properties, ground slope, and land cover. Never-
theless, previous studies have noted that the impact of grid size
on simulation time is high (Xevi and others, 1997). Variability
within the catchment, therefore, can be accounted for at the
cost of increased calculation time, if the available measure-
ments have the necessary detail. In a recent study that focused
on the sensitivity of model output to various soil hydraulic
properties, Christiaens and Feyen (2002) used grid squares of
3,281 x 3,281 ft (100 x 100 m) to model a 247.1-acre (1 km?)
catchment. The performance of the MIKE SHE code on a
variety of catchments is still an active area of research
(Véazquez and Feyen, 2003).

Surface Flow

Surface flow includes both overland flow and flow
through canals. For overland flow, the MIKE SHE model uses
the two-dimensional kinematic-wave approximation. The
overland-flow equation, also called the diffusive-wave equa-
tion, is given by:
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where 4 is the flow depth, ¢ is time, g is the acceleration due
to gravity, S is the slope of the ground, fis the Darcy-Weis-
bach friction factor, g is the lateral inflow rate, r is the rainfall
rate, and f; is the infiltration loss rate. Specific hydrologic
processes, such as rill flow, are not considered in this code,
but this limitation is not expected to be major at the scales
normally used.

Channel and reservoir routing are simulated using the
Saint-Venant equations, given by the continuity equation:
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and the momentum equation:

Aar Aax Q'Z) T3 ”g(So“Sf) =9, 24)
where A is the cross-sectional area of the channel, Q is the
flowrate, y is the water depth, x is the distance along the chan-
nel, S is the channel slope, and S, is the friction slope. Control
structures, such as gates and culverts, also can be simulated.
Application of the Saint-Venant equations to flow in open
channels is commonly called hydraulic routing, and the smali
slopes (less than 0.5 percent) of canals in southern Florida
typically require the use of hydraulic routing equations to
describe flow in the canals.

Unsaturated Zone

The MIKE SHE code assumes that flow in the unsatu-
rated zone is one-dimensional and vertical. Flow can be hori-
zontal in certain locations (such as near buildings/paved areas
or below trenches), causing the vertical-flow assumption to be
violated. This effect is probably negligible when averaged over
a grid. Unsaturated-zone processes not simulated by MIKE
SHE include hysteresis and air entrapment. Vertical flow
through the unsaturated zone is simulated using the following
form of the one-dimensional Richard’s equation:

cnd = ZxkwnE+kw]-s. @
where C(v) is the specific water capacity (also called the spe-
cific moisture capacity), y is the pore-water pressure, K(y) is
the unsaturated hydraulic conductivity, and S is the sink term.

Two hydraulic functions are required as input to simu-
late water flow in the soil profile: (1) the moisture-retention
characteristic, 6(%); and (2) the hydraulic conductivity curve,
K(6). The MIKE SHE code utilizes the van Genuchten (1980)
moisture-retention characteristic given by:

1+&qu+@’

where 8(h) is the soil-water content (dimensionless), 4 is the
soil-water pressure head (L), 0_ is the saturated water content
(dimensionless), 9 is the re51dual water content (dimension-
less), o is the inverse of the air entry value (L"), and n and m
are shape parameters (dimensionless). The hydraulic conduc-
tivity curve used in the MIKE SHE code has the Brooks and
Corey (1964) form given by:

6-6
sar(e 0 ) ’
where K_ is the saturated hydraulic conductivity. Correlations
between the model parameters in the van Genuchten (1980)
moisture characteristic and the Brooks and Corey (1964)

hydraulic conductivity for several USDA soil textures were
noted by Meyer and others (1997).

o(h) = [(es -0, (26)
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Saturated Zone

The MIKE SHE code assumes that the aquifer properties
are uniform within a single grid cell, so effective parameters
over the length scale of the grid must be used. The code uses
a finite-difference formulation to solve the three-dimensional
Boussinesq relation:

-Q(K Bh) Q(K ah) 8(1( ah)_W:SQI 28)
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where K , K, and K_are the saturated hydraulic conductivi-
ties in the x-, y-, and z-coordinate directions, respectively; A
is the piezometric head; W is a localized water source or sink;
and S is the specific storage. Multiple layers can be used to
apply the finite difference form of equation 28 to determine
the distribution of piezometric head in the saturated zone.

Applications in Southern Florida

A few recent studies have applied the MIKE SHE code
in southern Florida, including a study of water-management
practices in central Broward County (McCue and others,
2002). Results of the aforementioned study were used to iden-
tify structural and operational changes needed to maintain or
improve existing flood protection, increase the use of existing
storage capacity within the stormwater-management system,
increase well-field recharge, improve wetland sustainability,
and reduce the threat of saltwater intrusion.

In this application, the MIKE SHE model used 500-ft
square grid cells with five layers, including primary and sec-
ondary drainage canals, and hydraulic control structures such
as gates, culverts, and pumps. Rainfall data at four gaging sta-
tions in an area encompassing 385 mi” were used to generate
daily rainfall amounts, and the daily rainfall data were distrib-
uted spatially using Theissen polygons. Some soil parameters
were adjusted during model calibration to correctly simulate
ground-water dynamics and actual evapotranspiration. The
moisture contents at saturation, field capacity, wilting point,
and saturated hydraulic conductivity were used as calibration
parameters and adjusted within the ranges that are typical of
soils in the study area. A constant infiltration capacity was
assumed in the model.

In applying the MIKE SHE code, McCue and others
(2002) reported that the overland flow approach was by far the
least time consuming to set up, when calculating direct runoff
from impervious areas, because the driving force represents
gravity and the primary input data represent land-surface ele-
vation. McCue and others (2002) further noted, however, that
this approach suffers a number of shortcomings when used
to simulate an urban stormwater drainage system. A precise
digital elevation model must be available, and a reasonably
fine horizontal discretization must be applied to simulate flow
paths with reasonable precision. If the stormwater drainage
system does not follow the larger-scale topographic slopes

of the digital elevation model, the overland flow approach
does not simulate the actual drainage conditions. To alleviate
this problem, each water-control district was considered an
individual subbasin, and urban runoff was routed to a canal or
a pond within the subbasin. The percentage of imperviousness
was used as a runoff coefficient for each model cell and varied
from 0 to 0.4. The urban runoff then is calculated by multiply-
ing the rainfall by the fraction of imperviousness and the run-
off is routed to a prescribed canal or pond within the subbasin.
A possible improvement in the model could be accomplished
by explicitly accounting for the DCIA in the computation of
direct runoff that is routed to ponds and canals.

The MIKE SHE model also was applied in the develop-
ment of an integrated model for the Caloosahatchee reservoir.
This application was done primarily to assess the interactions
between ground water and surface water (Jacobsen, 1999).

Surface Water Management Model (SWMM)

The Surface Water Management Model (SWMM) code
is well documented and used widely for the simulation of
urban-runoff quantity and flow routing to storm and combined
sewers. This code uses a link-node formulation where links
represent hydraulic elements for flow transport through the
system (for example, pipes and channels), and nodes represent
the junctions of hydraulic elements (links) as well as locations
for input of flow into the drainage system. The SWMM code
incorporates a wide variety of hydrologic process models, and
for several processes, the user can choose which models to
include in a simulation. This section focuses on those models
that are addressed as part of the present study.

Surface How

The SWMM code is capable of using a variety of meth-
ods to simulate the infiltration process. These methods include
the Horton, Green-Ampt, initial/continuing loss, proportional
loss, and NRCS method with optional subsurface routing. In
applying the Horton model, the infiltration capacity is esti-
mated using the relation:

.f‘;) =ffn+(/;1—fm)e_al’ (29)
where fp is the infiltration (ponded) capacity of the soil, f is
the ultimate infiltration rate under saturated conditions, f, is
the initial infiltration rate under dry conditions, o is the decay
coefficient, and ¢ is the time from the beginning of the storm.

The code incorporates nine different models for calculat-
ing runoff hydrographs, including nonlinear runoff routing,
NRCS unit hydrographs (curvilinear or triangular), kinematic
wave, Clark hydrograph, Snyder hydrograph, Nash hydro-
graph, Santa Barbara unit hydrograph, Laurenson’s nonlinear
runoff routing (RAFTS), and the rational method. In the non-
linear reservoir model, the runoff, Q, is related to the depth of
water, d, over the catchment by the relation:
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where n is Manning’s roughness coefficient, d, is the depth

of depression storage, S is the slope of overland flow, and

W is the width of overland flow. The recovery of depression
storage between storms is achieved by means of evaporation
and exponential recovery of infiltration capacity. Up to 100
subcatchments can be defined. For channel flow, either the
kinematic-wave equation or the Saint-Venant equations can be
used to route the flow.

Subsurface Flow

Subsurface hydrology is simulated using the upper
(unsaturated) zone and the lower (saturated) zone. The flow
from the unsaturated zone to the saturated zone is controlled
by a percolation equation, and evapotranspiration is the only
loss from the unsaturated zone. Inflow to the unsaturated
zone comes from infiltration computed either by the Horton
or Green-Ampt equation. Once the unsaturated zone becomes
saturated, infiltration losses are shut off and larger surface run-
offs are possible from pervious areas. Losses and outflow from
the saturated zone may be through deep percolation, saturated-
zone evapotranspiration, and ground-water flow. Ground-water
flow is a user-defined power function of water-table stage, and
optionally, depth of water in the discharge channel.

Modeling of Urban Sewers (VIOUSE)

The comprehensive surface-runoff MOUSE code
simulates surface runoff, open-channel flow, pipe flow, water
quality, and sediment transport in urban drainage systems.
Rainfall excess is calculated assuming a Hortonian runoff
mechanism. The surface-runoff module in MOUSE has the
option of using three alternative methods for calculating the
runoft hydrograph from the rainfall excess: time-area method,
nonlinear reservoir method, and the linear-reservoir method.

The effective rainfall rate, / , at time, t, is defined by the
relation:

1,(t) = Kt)—Tg(0) = Ty(t) - £,(0) - I(2), 1,20, (31)
where /(#) is the actual rainfall rate, I, is the evaporation-loss
rate, /, is the wetting-loss rate, /, is the infiltration-loss rate,
and / is the surface-storage loss rate.

Evaporation losses are of less importance in single-event
simulations; however, evaporation accounts for a large part of
hydrologic losses on a long-term basis. If included in the com-
putation, evaporation losses are accounted for by the following
relations:

Ipg(t) I(t)y21pgpory(6)>0
[E(t) = k]
I(t) I(t)y<Ippand y(£) = 0

(32)
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where /,,(7) is the potential evaporation at time ¢, and y(?) is
the accumulated depth at time t. When rainfall begins, part of
it is used for wetting the surface, if the surface is dry initially.
The MOUSE code assumes that the rainfall remaining after
subtraction of the evaporation loss is used for wetting the
catchment surface. When the catchment surface is wet, the
wetting loss, 1, is set to zero. The wetting process is described
by the following relations:

I(O-1g(t) () <y,

Iy(1) = ,
0 I#)<Igory(t)zy,

(33)

where y is the wetting depth. The infiltration-loss rate, /, is
calculated using the Horton equation, which can be put in the
form:

Il(t) = ]min + (]max - Imin)e_ar > (34)
where / . is the minimum infiltration capacity, I, is the

max

maximum infiltration capacity, and « is the infiltration decay
factor.

In the dry period following a rainfall event, the infiltra-
tion capacity gradually recovers to its initial value, using the
following inverse form of Horton’s equation:

Il(t) = 11T+ (Imax- QIT)eAl/(Bn ’ (35)
where /. is the infiltration capacity between the wetting and
drying periods, Q,, is the infiltration capacity between the wet-
ting and drying periods, f is the time factor for drying condi-
tions, and ¢ is the time since the start of the recovery process.

The surface-storage rate, /, is equal to the loss due to fill-
ing of depressions in the terrain. The surface-storage calcula-
tion begins after the wetting process is completed, and the
surface storage is filled only if the current infiltration rate is
smaller than the actual rainfall intensity reduced by evapora-
tion. The surface-storage process is described by the following
relation:

HORYGEI ORI G)
Ig(r) =

WO <y +Y
, (36)
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where y, is the surface-storage depth.

Substituting equations 32, 33, 34 or 35, and 36 into
equation 31 yields the effective rainfall (or rainfall excess),
1, over the catchment. This rainfall excess generates surface
runoff when the effective rainfall is greater than zero.

The runoff hydrograph is calculated from the rainfall
excess using a nonlinear reservoir model for the entire catch-
ment. The surface runoff Q(¢) at time ¢ is calculated using
Manning’s equation in the form:

O(1) = MBIV/2p5/3 > (37)
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where M is the Manning number, B is the catchment width, /
is the surface slope, and y, is the runoff depth determined from
the continuity relation:

1(4-0(t) = @*A , (38)
dt
where A is the catchment area.

The runoff hydrograph, Q(), from the catchment
provides the input hydrograph for the pipe-network simula-
tion. To simulate flow in the subsurface drainage pipes, the
MOUSE code applies the one-dimensional conservation of
mass and momentum equations, also known as the Saint
Venant equations, given by:

20 . o4
o4 _ ¢, (39)
Ox * ot
and

00, 4 Q_Z) oy _

ot +5x(a/1 +gA="+gdS; = gAS, | (40)

where x is the distance in the flow direction, A is the cross-
sectional flow area in the pipe, v is the flow depth, « is the
velocity distribution coefficient, S, is the friction slope, and S,
is the pipe slope. Simultaneous solution of equations 39 and
40 determine the water depth and flowrate in the drainage
pipes as a function of time.

In the MOUSE code, the drainage network is defined as
nodes and links. Several types of nodes exist, with each type
representing a different structural element in the drainage
network. A list of the types of nodes in the MOUSE code is
given in table 25. Links represent various types of conduits,
including pipes and open channels, and are bounded on the
upstream and downstream side by nodes. The types of links
available in MOUSE include standard pipes, trapezoidal
canals, and arbitrarily shaped links specified through tables or
through the cross-section database.

Table 25. Types of nodes in the Modeling of Urban Sewers
(MOUSE) code

Node

Description
type P

Inlet Surface runoff from a catchment enters the drainage sys-
tem at inlet nodes.

Manhole Used to model all network nodes where the shape and vol-
ume can be sufficiently and accurately approximated by a
vertical cylinder of a specified diameter.

Basin An arbitrarily shaped structure resembling pump sumps,

detention basins, or other structures with substantial vol-
ume.

Storage node A dimensionless node used for a controlled routing (e.g.

surcharged water).

Outlet A node where the simulated system interacts with receiv-

ing waters.

MODBRANCH

The MODBRANCH code (Swain and Wexler, 1996)
consists of the MODFLOW model (McDonald and Harbaugh,
1988) coupled with the BRANCH model (Schaffranek, 1987).
This code simulates the interaction between streamflow
and subsurface flow in areas with dynamic, hydraulically
connected, ground- and surface-water systems coupled at
the stream/aquifer interface. The USGS has applied MOD-
BRANCH to areas in southern Florida involving the interac-
tion of canals and the surficial aquifer system, as well as to
river/aquifer systems in the Pacific Northwest. The MOD-
BRANCH also is widely used by the USACE.

In using the MODBRANCH code, there are important
limitations that must be considered. The BRANCH model
does not handle loop channels or the wide variety of hydraulic
structures found in southern Florida canals and surface-stor-
age systems. The MODBRANCH code is limited to rectan-
gular grids with constant width for each column and row, so
the iterative linkage between ground water and surface water
results in relatively long computation times.

Surface Fow

Storm runoff must be provided by an external model, and
the dynamic-flow equations are used to simulate flow in the
open-channel network. Streams in a network are divided into
segments associated with cells of the MODFLOW grid in a
manner similar to other MODFLOW packages that simulate
rivers and streams.

Leakage between a stream and an aquifer is expressed
as a function of streambed conductance and the difference
between the stream stage and the head in the aquifer. The rate
of leakage from the aquifer to the stream, Q,, is estimated
by assuming that leakage occurs across a low-permeability
streambed, and that this leakage can be quantified using the
approximate Darcy relation:

0, =K }l;—,zLW»

(41)
where K' is the hydraulic conductivity of the streambed; 4 is
the head in the aquifer; Z is the elevation of the water surface
in the stream,; &' is the streambed thickness; L is the length of
the stream segment within the finite-difference cell; and W

is the stream width, which is an approximation to the wetted
perimeter of the channel.

Equation 41 can be conveniently written as:

0, = C(h-2)- (42)
where C is called the streambed conductance.

In cases where the stream penetrates several ground-
water layers, total leakage is estimated as the sum of the
contributions to the various layers using the following leakage
relation:
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(43)

where N is the number of aquifer layers penetrated by the
stream, C_ is the streambed conductance of the part of the
stream in layer k, and A, is the piezometric head in the aquifer
in layer k.

In the MODBRANCH code, the BRANCH component is
modified by adding the leakage term to the continuity equa-
tion. Recently, Nemeth and Solo-Gabriele (2003) and Nemeth
and others (2000) improved the MODBRANCH code by
incorporating the more realistic reach transmissivity model
of Chin (1991). Besides providing a more realistic leakage
formulation, the efficiency of the model code was improved
substantially by reducing run times by about 40 percent for a
wide range of problems. If the head in the aquifer is below the
base of the streambed, then the water lost as leakage from the
stream must pass through the unsaturated zone underlying the
perched stream. In this case, the leakage relation is given by:

Zp-27
QL = - Bb'

Lw , (44)
where Z, is the elevation of the bottom of the stream. Perched
streams do not exist for primary canals in southern Florida, but
may exist for secondary drainage canals.

Unsaturated and Saturated Zones

Flow through the unsaturated zone is not simulated in
the MODBRANCH model. Recharge to the saturated zone is
entered directly by the user. Estimates of recharge generally
are related to rainfall amounts; however, the code document-
ation does not provide guidance on how recharge should be
estimated.

Evapotranspiration, pumpage, and injection of water
from the saturated zone are simulated as separate processes
handled by the MODFLOW modules. The Wetlands package
was developed for MODFLOW by the SFWMD to simulate
distributed overland flow in natural areas.

MODNET

The MODNET code (WEST Consultants, Inc., and
Gartner Lee, Ltd., 1999) was created by coupling the SFWMD
version of MODFLOW (McDonald and Harbaugh, 1988)
with the UNET channel flow model (U.S. Army Corps of
Engineers, 1996). The current version (2003) of UNET is 3.2,
and the model is maintained and distributed by the USACE
Hydrologic Engineering Center. The SFWMD version of
MODFLOW differs from the standard version in that it
contains a modified LAKE routine (Council, 1997; Nair and
Wilsnack, 1998) and an added WETLAND routine (Restrepo
and Montoya, 1997). In contrast to the BRANCH model,
UNET includes the ability to simulate looped channels and
numerous hydraulic structures, including spillways, weirs,

Summary and Conclusions n

levees, culverts, pumps, gates, and storage areas. The cou-
pling between the MODFLOW and UNET components of the
MODNET model follows an approach similar to that devel-
oped for MODBRANCH.

The MODNET documentation contains an erroneous
illustration of the use of the reach transmissivity parameter.
The channel conductance approach that is implicit in MOD-
NET assumes that the channel is lined with a layer of known
hydraulic conductivity and thickness, and that the leakage is
linearly proportional to the difference between the stage in
the canal and the head in the surrounding aquifer. In contrast,
the reach transmissivity is based on the assumption that no
restrictive channel lining exists (at least none on the sides of
the channel), and the reach transmissivity is the proportional-
ity factor between the leakage and the difference between the
stage in the canal and the head in the aquifer at a specified
distance from the canal. Based on the differences in formula-
tion, the MODNET channel conductance cannot be derived
directly from the reach transmissivity, and a different formula-
tion is required.

Summary and Conclusions

The objectives of this study were to: (1) review
previous hydrologic studies to identify phenomenological
models appropriate for describing storm-event scale hydro-
logic processes in southern Florida, (2) collect field data to
develop improved process equations, and (3) review and assess
the adequacy of existing hydrologic models that currently are
being used in southern Florida. These efforts led to the
following findings:

¢ A study of the rainfall characteristics within a
100-mi* area in Miami-Dade County demonstrated
that: (1) rainfall amounts in individual storms tend to
be significantly correlated over distances of about
2 mi; (2) rainfall durations tend to be significantly
correlated over distances of about 4 mi; and (3) rainfall
amounts (for storm events with durations of at least
24 hours) tend to be significantly correlated over
distances of about 4 mi.

¢ Observed 24-hour hyetographs tend to be much more
uniform than the SFWMD/NRCS Type III hyetograph,
which has a characteristic peak in the center of the
storm.

« Based on comparison of data from rain gages at the
same site, errors of 50 percent are associated with
measured storm-event rainfall amounts of 0.1 in.,
errors of 25 percent are associated with storm-event
rainfall amounts of about 0.2 in., and errots of
10 percent are associated with storm-event rainfall
amounts greater than 1 in.



18

Quantification of Hydrologic Processes and Assessment of Rainfall-Runoff Models in Miami-Dade County, Florida

Rainfall measurements would need to be collected
from rain gages with spacings of less than 1 mi to
accurately characterize the temporal and spatial details
of hourly rainfall amounts.

Daily rainfall amounts are correlated over longer length
scales than hourly rainfall; therefore, a smaller density
of rainfall measurements is justified in hydrologic
models with daily time steps in lieu of hourly time
steps.

Models must account for a significant difference
between rainfall characteristics in coastal areas com-
pared to those in inland areas.

Infiltration capacities can be estimated based on the
USDA hydrologic soil groups assigned to local soils.

Some infiltration capacities can be estimated based on
soil texture. Because of the limited number of mea-
surements, reliable estimates can only be achieved for
sandy loam, loamy sand, loam, and silty clay loam.

Infiltration capacities associated with various hydro-
logic soil groups and soil textures in the study area are
higher than frequently reported in the literature. The
reason for higher values of infiltration capacity is that
literature values typically are for bare soil or derived
from laboratory measurements, whereas the infiltration
capacities determined in this study were obtained from
field measurements and included surface cover and
associated macropores.

« Infiltration capacities should not be assigned based

on Jand use. Soil texture and land use, however, were
found to have an identifiable relation, with coarse-tex-
tured soils predominant in densely developed areas.
Hydrologic soil group and land use did not show a
clear relation.

* Most infiltration capacities obtained in the study

area during the investigation exceeded the maximum
(hourly) rainfall rate measured from 1997 to 2002.
This result indicates that most rainfall in pervious areas
infiltrates and produces no runoff, unless the ground is
saturated.

¢ The Horton infiltration model was matched to the

infiltrometer measurements. The mean initial and

final infiltration capacities can be estimated from soil
hydrologic group or soil texture. The decay factor is
relatively insensitive to soil group or soil texture. A
typical decay factor of 0.32 minute™' is associated with
all soils, which indicates a generally rapid transition
from the initial to the final infiltration capacity.

* A rainfall-recharge relation of the form y = m(x — 8) is

consistent with observed data where y is the change in

the elevation of the water table in response to a rainfall
event of depth x, m is the slope of the rainfall-recharge
relation that can be approximated by the inverse of the
specific yield of the surficial aquifer system, and & is
the threshold rainfall below which no recharge occurs.
The threshold rainfall, 3, varies between zero and a
maximum value, A, depending on antecedent moisture
conditions.

The rainfall-recharge relations based on historical
hourly data at five monitoring wells in the study area
indicate an average aquifer specific yield of 0.23, and
a threshold storm-event rainfall of 0.24 in. Analyses
based on 15-minute data indicate a specific yield of
0.26 and a maximum threshold rainfall of 0.37 in.
These results based on 15-minute data probably are
more accurate than the historical results based on his-
torical hourly data because rainfall extrapolation errors
are not present in the 15-minute data.

Rainfall-recharge relations cannot be established

using daily time increments. The rapid dissipation of
recharge mounds on daily time scales (primarily due to
canal drainage) causes little observable change in the
daily average water table in response to daily rainfall.
Thus, upscaling of the rainfall-recharge relation must
be based on storm-event relations.

Annual recharge at rural locations ranged from 41

to 46 percent of annual rainfall, with recharge in the
most urbanized areas being about 30 percent of annual
rainfall. These results indicate that urbanization has a
significant effect on the annual rainfall-recharge rela-
tion. Average annual recharge ranged from 19 to 29 in.

Principal-component analysis of water-table fluctua-
tions was determined to be an effective approach to
identifying areas with highly correlated water-table
fluctuations. In the 100-mi” study area, two fundamen-
tal modes of water-table fluctuations were identified.

Roots of Vegétation do not penetrate the Miami Lime-
stone, which underlies the unsaturated zone in Miami-
Dade County. Consequently, transpiration of water
from the water table is considered nonexistent, and
evaporation and canal-induced drainage are possible
causes of water-table decline between storms.

Evaporation from the water table can be described by a
linear model where the saturated-zone evaporation rate
is equal to the ground-surface evaporation rate for a
depth d , and then decreases to zero at a depth d . Four
of the five locations in this study support this model
where the average value of d  is 4.5 ft, and the average
value of d is 8.3 feet. In some cases, the evapora-

tion rate may be independent of the depth to the water
table, which occurred at the most urbanized location.



* Steady-state leakage from canals in southern Florida
can be estimated from a relation that was validated
using measurements in and around the L-31N canal.
This leakage relation also is applicable in unsteady-
state cases where the time scale of fluctuations greatly
exceeds 10 minutes.

* A study of the efficacy of using the lag time of tidal
propagations in the aquifer to estimate local trans-
missivity for input into the canal leakage model has
demonstrated that this is a promising area of further
research. Indications from the study area are that the
estimated hydraulic diffusivity derived from tidal
propagation analyses, combined with a storage coef-
ficient of 0.007, can be used to estimate local transmis-
sivities, which can then be used to estimate the leakage
relation.

* Field measurements of peak runoff from two urban-
ized catchments were compared to the predictions

of two conventional runoff models, and the results
demonstrate a fair agreement. The conventional models
used the nonlinear reservoir model to estimate sur-
face runoff from rainfall excess, and rainfall excess
was computed using the Horton model. These results
indicate that the accuracy of conventional catchment-
scale models in estimating peak flows that are used as
a basis to design drainage structures may be adequate,
but needs further improvements.

« The differences between the predicted runoff rates of
the SWMM and MOUSE catchment-scale models
were found to be substantially less than the differences
between the simulated and measured peak runoff rates.
Consequently, improvements in rainfall-runoff process
formulation are needed more than improvements in
code formulation.

* For the eight significant runoff events during this study,
the ratio of runoff to rainfall was relatively close to the
percentage of DCIA. This indicates that studies that
lead to a better estimation of the DCIA associated with
individual stormwater inlets may lead to improved
rainfall-runoff models.

* The development of several software codes, reports on
previous experiences using these codes, and the consis-
tency of these codes with the results obtained by this
study were reviewed and the following conclusions can
be drawn: (1) on the urban catchment scale, both the
SWMM and MOUSE codes adequately account for the
key physical processes, and relatively accurate results
can be expected; and (2) the MIKE SHE code appears
to better simulate basin-scale and regional-scale hydro-
logic conditions, primarily because of its integrated
nature. The main concern with the MIKE SHE model
is that sufficient and accurate data generally are not
available to take advantage of the distributed and inte-
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grated nature of this model. The MODBRANCH and
MODNET models are of comparable utility to each
other, combine excellent canal-network and ground-
water models, and have proven to be useful in several
cases. These models, however, are not truly integrated
and do not explicitly include unsaturated-zone pro-
cesses.

« The canal leakage formulations in MODBRANCH
and MODNET do not account for cases where there is
negligible head loss associated with a channel lining on
the sides of canals. In these cases, which may be very
common, a reach transmissivity approach is probably
more useful.

The conclusions drawn from this study are based mostly
on data collected in the study area, and where possible, the
results have been extrapolated to the greater southern Florida
area. To confirm these extrapolations, similar studies should be
conducted in other areas of southern Florida having different
surface and/or subsurface conditions, such as Broward or Palm
Beach Counties. Such studies will be able to address ques-
tions related to the statistical homogeneity of rainfall events,
provide added data to narrow the uncertainties in estimating
infiltration capacity based on USDA estimated hydrologic soil
group and/or soil texture, identify local properties affecting
the rainfall-recharge relation, assess the effectiveness of using
tidal propagation theory in aquifers to estimate the leakage
characteristics of canals, and confirm the validity of using
conventional runoff models to design drainage structures in
southern Florida.

The fundamental relations derived and validated in this
study provide a sound basis for modeling several hydrologic
processes in southern Florida. The information should form
the basis for selecting and developing computer codes that are
useful in hydrologic models at catchment, basin, and regional
scales.
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APPENDIX

Review of Hydrologic Processes
in Southern Florida

Rainfall-runoff relations have been a focus of hydrologic
research for several decades, and an abundance of models for
simulating runoff from rainfall have been proposed. These
models can be classified as metric, conceptual, or physics
based (Beck, 1991).

Metric models are strongly observation oriented, seek-
ing to characterize system response by extracting informa-
tion from existing data, and are empirically constructed with
little or no consideration of the features and processes of the
hydrologic system. Unit-hydrograph theory is the foundation
of metric rainfall-runoff models.

Conceptual models describe all the component hydro-
logic processes perceived to be of importance as simplified
conceptualizations. The Stanford Watershed Model is an
example of a conceptual model. The more component pro-
cesses that are included in the model, the higher the risk of
over-parameterization (Kokkonen and Jakeman, 2001).

Physics-based models attempt to mimic the hydrologic
behavior of a catchment by using the concepts of classical
continuum mechanics. These models provide a mathematically
idealized representation of the real phenomenon and usually
require large amounts of data that can be difficult to obtain
and have high computational demands. According to Capkun
and others (2001), the physical reality underlying hydrologic
systems 1s so complex that physics-based models are difficult
to validate on the scant data usually available, which compro-
mises their practical usefulness. Nevertheless, physics-based
distributed hydrologic models generally are required when
flow path and flow concentration are important—for example,
when simulating erosion or contaminant transport in the con-
text of land use (Ogden and others, 2001a).

Although physics-based models are widely recognized
as the best tools presently available for complicated tasks, the
reliability of these models using effective parameters at the
scale of the computational elements is questionable (Beldring,
2002). Furthermore, the nonlinear nature of the hydrologic
processes involved, as well as the structural heterogeneity of
natural systems, make it unlikely that the equations of hydro-
logic theories developed at small space and time scales can be
generalized to larger scales.

Many areas in southern Florida continue to undergo
urban development, and urbanized watersheds are known to
have nonstationary rainfall-runoff relations. The degree of
this nonstationary relation varies depending on the rate of
urbanization. For example, Schueler (1994) reported that an
impervious area of 10 to 20 percent is sufficient to produce
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considerable changes in runoff from undeveloped areas, and
Beighley and Moglen (2002) studied statistical methods to
identify trends in rainfall-runoff behavior in urbanized water-
sheds.

In southern Florida, the extremely flat topography, highly
permeable soils, and high water-table elevation as well as
an extensive canal system cause ground-water levels to be
heavily influenced by rainfall, surface-water stages, well-field
withdrawals, and evapotranspiration (Yan and Smith, 1994).
Aquifer recharge, especially in and around well fields, is an
important part of the hydrologic regime.

In general, physiography (including geomorphology and
lithology) and climate are two of the most important properties
affecting the long-term hydrologic response relations in catch-
ment areas (Berger and Entekhabi, 2001). Low topographic
relief and intense or prolonged rainfall events associated with
tropical storms produce recurring problems of flash floods.
Typically, in areas of low topographic relief, the delineation of
catchment boundaries is uncertain and dependent on the rain-
fall intensity. Very few areas drain directly into canals by way
of surface runoff. Rainfall in pervious areas mostly infiltrates
into the ground, and rainfall in impervious areas mostly runs
into pervious areas and infiltrates, or is collected by exfiltra-
tion trenches and recharges the ground water. Canal stages
respond rapidly to increased water-table elevations and vice
versa. Spatial variations in the saturated hydraulic conductivity
of the soil, surface-storage characteristics, and the depth to the
water table can have a major effect on surface-runoff charac-
teristics (GOmez and others, 2001).

Rainfall

Spatial and temporal variability of individual rainfail
events can have a significant influence on generated storm run-
off. The shape, timing, and peak flow of a runoff hydrograph
have been shown to be greatly influenced by rainfall vari-
ability in both space and time (Singh and Woolhiser, 2002).
Rainfall typically is measured with tipping-bucket rain gages,
which measure rainfall in increments of 0.01 in. Light rain-
fall measurements range from a trace to 0.1 in/hr, moderate
rainfall ranges from 0.11 to 0.30 in/hr, and heavy rainfall can
be more than 0.30 in/hr (Forrester, 1981).

Rainfall in southern Florida typically originates from
frontal storms during the dry season (November through
April), and convectional thunderstorms during the wet season
(May through October). The duration of a typical thunder-
storm is 25 minutes, but can be highly variable (Forrester,
1981). The onset of thunderstorms is rapid, with the heavi-
est rainfall lasting 5 to 15 minutes before decreasing in rate.
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The average diameter of a thunderstorm core is about 2 mi,
depending on the definition of “rainfall intensity” associated
with the core of a storm (Syed and others, 2003). A storm core
typically is associated with that part of the storm that produces
runoff (about 1 in/hr), and the areal coverage of a storm core
usually is better correlated with runoff than the areal coverage
of the entire storm (Syed and others, 2003).

Most rainfall-runoff models assume that rainfall is uni-
formly distributed over the catchment area, and only temporal
variations in rainfall are taken into account. Justification for
the assumption of spatial homogeneity generally requires
that the catchment area be less than the area covered by the
individual storm event which, in southern Florida, ranges
from length scales of less than I mi for convection storms to
several miles for frontal storms. Catchments where the spatial
homogeneity assumption is or is not valid generally are called
midsize catchments or large catchments, respectively (Ponce,
1989). At the other end of the spectrum, small catchments
have times of concentration so sufficiently small that the
rainfall intensity can be assumed constant over durations of
the time of concentration. Assumptions of spatial homogeneity
and constant rainfall intensity are appropriate in calculating
the peak runoff from small catchments.

Infiltration

Infiltration is the major abstraction process in generat-
ing runoff from rainfall. The amount of infiltration that occurs
during a storm can depend on several factors, including land
use, soil type, moisture content, vegetative cover, topography,
depth to water table, and rainfall intensity within the catch-
ment area.

The capacity of the unsaturated zone to hold water
against gravity is measured by the specific retention, the frac-
tion of water that can be drained by gravity from saturated
pores is the specific yield, and porosity is equal to the sum of
the specific retention and the specific yield. Water is lost from
the unsaturated zone between storms by evapotranspiration,
thus reducing the water content below the specific retention.
Therefore, if a prolonged dry period precedes a storm, the
specific retention must be satisfied prior to recharge. If a wet
period precedes a storm, then most of the infiltrated rainfall
will become recharge.

Point-Scale Models

The classical point-scale infiltration theory is often used
in physically based hydrologic models to predict rainfail
excess. The U.S. Environmental Protection Agency (1998)
reviewed several commonly used point-scale infiltration
models and classified them as: empirical models, Green-Ampt
models, and Richards equation models. These models are
discussed in the subsequent sections.

Empirical Models

The most widely used empirical model to describe infil-
tration is the Horton model given by:

£y = L+ (= f)e ™ (Al)
where f is the infiltration rate under ponded conditions, f, is
the asymptotic (minimum) infiltration rate (t —), f is the
initial (maximum) infiltration rate, and k is the decay constant.
Infiltration occurs at infiltration rate ]j, when the water is pon-
ded from the beginning of the storm (at = 0).

In most cases, ponding occurs sometime after the storm
begins, and the integrated form of the Horton equation is used
(Chin, 2000):

F(1) = ﬁ,t+j—("—l;—é(l — ety s (A2)
where F(t) is the cumulative infiltration. To determine the
infiltration capacity, the cumulative infiltration is substituted
into this equation, the corresponding time ¢ is calculated, and
this value of f then is substituted into equation A1 to determine
the infiltration capacity, f, corresponding to the specified
cumulative infiltration. The rate of decrease of infiltration
capacity during a storm is assumed to be a property of the soil,
with rapid decreases in infiltration rates more likely to occur in
clay-rich soils than in sandy soils. According to Philip (1957),
however, the Horton equation does not adequately represent
the rapid decrease in the infiltration rate from very high values
at small times. The major drawback of the Horton equation is
that it does not consider the storage availability in the subsur-
face after varying amounts of infiltration have occurred, but
considers only the infiltration as a function of time.

In applying the Horton equation, f, f, and k should be
obtained from field measurements, but these parameters are
rarely measured locally. Typical values of f, and k are shown
in table A1 (Akan, 1993). The initial infiltration rate, f,, is
highly variable and depends on the moisture content and
vegetation cover of the soil.

The NRCS curve-number (CN) model is widely used to
partition the rainfall into initial abstraction, runoff, and storage
components (Chin, 2000). This empirical model is given by:

0 = (P-0.25)?
P+08S
where Q is the runoff depth, P is the rainfall depth, and S is the
available storage.

The CN method for estimating direct runoff is a semi-
empirical method that has been shown to match observed
rainfall-runoff measurements at the catchment scale. This
method fundamentally recognizes that runoff occurs when the
rainfall rate exceeds the infiltration capacity of the soils (Soil
Conservation Service, 1993). The initial abstraction consists
mainly of interception, infiltration, and surface storage, all of
which occur before runoff begins. Equation A3 is not appli-

) (A3)













































