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Background:

Control of the Panama Canal Basin transfers from the United States of America to the Republic of Panama
on the last day of 1999.  The Panamanian and United States governments are concerned that the rapid
deforestation of the Panama Canal Basin will jeopardize the future operation of the Panama Canal, the
capacity and quality of potable water supplied to Panama City, and the diverse rain forest ecosystems of
the central Isthmus of Panama.  In April 1996, the US Agency for International Development (USAID)
funded the Smithsonian Tropical Research Institute (STRI) to assist the Panamanian Instituto de Recursos
Naturales Renovables (INRENARE) in establishing an environmental monitoring program in the Panama
Canal Watershed (PMCC) with a focus on monitoring the effects of deforestation and urbanization within
the Watershed.  This project ends in 1998.  Objectives were to establish initial monitoring, to train
personnel, to obtain baseline results, and to leave a viable monitoring program in the hands of INRENARE.
It is segregated into four components with four Principal Investigators (PI).  Robert Stallard is PI of “Soils
and Hydrology;” Richard Condit is PI of “Forest Cover;” Roberto Ibáñez is PI of “Vertebrate Diversity,”
and Stanley Heckadon is PI of “Sociology.”

Sedimentation Hypotheses

We examined three general hypotheses that relate land-use to sedimentation and nutrient contamination of
the two main reservoirs in the Panama Canal Basin—Gatún Lake and Alhajuela Lake.  The hypotheses
are  (1) that cutting of forests and subsequent development of land accelerates physical erosion, (2) that
runoff from cleared lands is more rapid and potentially more erosive due to modification of vegetation, soil
compaction, and channelization, and (3) that the clearing of land and subsequent agricultural, domestic, and
commercial uses are significant sources of nutrients and a cause of organic sedimentation in Lakes Alhajuela
and Gatún.  Five classes of phenomena were investigated: (1) the hydrology and nutrient transport by water
in natural forests, (2) accelerated erosion of soil off cleared lands by surface wash and landslides,
(3) modification of runoff by land clearing, (4) the mobilization of nutrients resulting from the land-clearing
process and subsequent land-use practices [nutrients produce organic lake sediments], and (5) the possible
role of sediment stored in previous cycles of erosion.  The work integrates techniques from hydrology,
geomorphology, and biogeochemistry.  There were four activities:  (1) environmental monitoring,
(2) database accumulation, (3) watershed assessment, and (4) coupled research and modeling.  In addition
to salaried personnel in Panama, a University of Colorado graduate student, David Kinner, worked on the
model development; this work is reported below.
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All of the Project’s four components are integrated through a Geographic Information System (GIS).  The
GIS is being used to present data, interpret data, and to develop models.  The Soils and Hydrology
Component is using the GIS (1) to delineate basins, (2) to characterize topography and soils for hydrologic
and erosional models, (3) with the Sociology Component, to characterize population pressures within
subbasins, (4) with the Vegetation Cover Component, to characterize land use within subbasins, and (5)
to present data in a clear and understandable manner.

This section of the report focuses on the examination of how land cover and topography affect the
hydrology of four small stream catchments within the Panama Canal Watershed.  Specifically we ask
whether that runoff from cleared lands is more rapid and potentially more erosive due to modification of
vegetation and soil compaction.  This exercise involves the application of a physically-based hydrologic
model to four stream catchments to control among two contrasting factors: steep as compared to flat, and
forested as compared to grassland secondary vegetation.

Runoff Modification

When land is cleared for agriculture, runoff is affected through a variety of mechanisms, which
generally lead to more rapid and efficient runoff.  Cleared lands tend to have less vegetation and more
compacted soils than do forested lands.  Less vegetation results in less interception of rain by canopies.
Lesser interception means that more light rains reach the ground.  Less vegetation cover is associated with
lower rates of transpiration.  It is thought that evaporation due to the higher temperatures of cleared lands
does not compensate for the transpiration loss.  Denser soils have lower rates of infiltration and lower
holding capacity.  Discharge peaks are more rapid and peak discharges are greater (streams are said to
be more “flashy”).  The rapidity of the runoff can contribute to surface erosion and gully formation.  Farther
downstream, greater peak discharges can result in the erosion of channel banks and channel down cutting.
Associated flooding can cause damage to property and Canal infrastructure.  Meanwhile, less water is
available for evapotranspiration and groundwater recharge during dry periods.

Hydrologic Modeling Background

Four research watersheds are chosen for a coupled research and modeling program (Figure 1).  Two are
sampled by the project personnel.  These are a (1) non-developed watershed within the Agua Salud
Watershed and (2) a developed watershed within the Agua Salud Watershed.  In addition, two streams
on Barro Colorado Island (BCI - in Gatún Lake) sampled by the STRI Terrestrial Environmental Studies
Program (TESP) are included.  These are (3) Lutz Creek, with 27 years of hydrologic record, and (4) the
stream that drains a 50-ha forest-dynamics plot, with 4 years of record.  We selected the watershed
hydrologic model, TOPMODEL, to examine how land cover and topography affect the how these
watersheds respond to seasonal wetting and drying and to individua storms within the seasons.  This
hydrologic model enables comparison runoff characteristics on flat versus steep and developed versus non-
developed landscapes.
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Figure Figure 1.  Shaded relief map of the central Panama Canal region showing study
locations
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Application of TOPMODEL, was developed in stages.  (1) Topographic and land-cover maps were
prepared for the watersheds, (2) Soil and topographic effects were characterized on Barro Colorado Island
streams.  Lutz Creek has flashy response (overland flow), while the Conrad Trail stream is quite slow (in-
soil flow).  Hydrologic parameters developed from these streams bracket topographic effects for the
Panama Canal Watershed.  (3) The Agua Salud Basin was then modeled using data collected by the
PMCC to determine whether runoff is flashier from agricultural grassland.  (4) An interpretation of these
model results, given below, can be used as guidance for future action.  Although beyond the scope of this
project, the Panama Canal Basin will be examined to map areas of high erosivity (large faction of runoff
is overland flow) and low erosivity (depositional areas).  This last step may involve applying models that
resemble the Revised Universal Soil Loss Equation (RUSLE) to the landscape of the watershed with the
objective of identifying the factors that have led to the decline in erosion rates mentioned earlier.

The digital topographic maps (DTEM) of the parts of the basin covered by 1:25,000 and 1:50,000 maps
were completed in November.  During July and August, 1997, a permeameter, borrowed from the
Caribbean District of the US Geological Survey, was used to determine how soil permeability relates to
slope position.  We determined that flat areas and areas dominated by 1:1 clays have the most rapid
infiltration rates.  Areas on slopes with 2:1 clays have the lowest infiltration rates.  This indicates that slopes
are especially important in generating runoff.  This observation required modifying the computer code in
TOPMODEL, which was written for temperate watersheds.  Discussion of the model and results follow.

TOPMODEL: Introduction

Hydrological modeling is conducted in four Panamanian catchments to investigate the effects of
deforestation on runoff generation.  The question addressed through modeling is whether deforestation
increases the fraction of precipitation that leaves the catchment as overland flow.  Overland flow not only
erodes hillslopes, transporting sediment rapidly to channels, but it reduces the amount of water that
infiltrates and is available for longer-term baseflow.

The model utilized in this study is the physically-based hydrologic model, TOPMODEL (Beven and
Kirkby, 1979).  TOPMODEL has the following advantages over other hydrologic models for the purposes
of this study:
(1) TOPMODEL has a simple structure.  As shown later in this section, the model consists of linear

and exponential equations that are solved quickly and directly. Model efficiency allows a large
number of simulations to be run, so all possible physical conditions are explored.

(2) TOPMODEL parameters represent physical processes.  Although the TOPMODEL parameters
are in a sense bulk or catchment-wide parameters, they are related to physical laws.  Accordingly,
TOPMODEL is a departure from many rainfall-runoff models that generate discharge hydrographs
through empirical expressions.  The NOAA river forecast model is such an empirical model.

(2) TOPMODEL requires a minimum amount of data for calibration.  Potential
evapotranspiration, precipitation and topography in the form of a digital elevation model (DTEM)
are the only required data sets.  Many numerical catchment models (such as SHE, IHDM) require
specifying soil properties throughout a catchment, so considerable supporting data sets are
necessary to run these models.  As access to remote tropical catchments is often difficult,
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Lutz Conrad AS-2 AS-3

Area 9.73 ha 40.6 ha 1.32 km2 1.53 km2

Slope
(degrees)

15.37 4.20 16.94 16.65

ln(A/tanβ) 4.93 6.92 5.18 5.22

% Forest 100 100 99 51

Table 1: A comparison of catchment properties from the four
study catchments with area, mean slope, mean topographic index
and vegetation.

TOPMODEL provides a reasonable approximation of hydrology without a considerable
investment in fieldwork.  TOPMODEL has become applicable to tropical regions like Panama as
quality fine-scale DTEMs have become more readily available.

Hydrologists have successfully applied TOPMODEL to many catchments globally.  Although it was
originally designed to simulate the hydrology of humid catchments in the United Kingdom, TOPMODEL
has been used in arctic, savanna, and Mediterranean climates.  Recently, TOPMODEL was successfully
extended to tropical catchments (Chappell et al., 1998, Molicova et al., 1997)

Experimental Design

As shown in Figure 1, this study examines four catchments in the central Canal region to explore much of
the variability in topography and land use within the Panama Canal Watershed.  The four catchments
include: (1) a steep catchment (Lutz Creek Catchment), (2) a flat catchment (Conrad Trail Stream
Catchment), a forested catchment (Agua Salud #2) and a deforested catchment (Agua Salud #3).  Basin
properties determined through GIS analysis are summarized in Table 1.

The contrast in topography between the steep and flat catchments can be readily seen in shaded relief
images in Figures 2a-2b.  Lutz Creek Catchment has rapidly eroding slopes and landslide scars, and
represents much of the topography in the Panama Canal Watershed.  Conrad Stream Catchment with its
mean slope of 4 degrees and is slowly eroding.
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Figure 2a: Shaded Relief Image of Lutz Creek Catchment.  Figure 2b: Shaded Relief Image of Conrad
Stream Catchment.  Figure 2c: Shaded relief image of Agua Salud #2.  Figure 2d: Shaded relief image of
Agua Salud #3

As shown in shaded relief in Figures 2c-2d, the Agua Salud catchments are topographically similar to Lutz
Creek Catchment. The catchments are larger than Lutz Creek Catchment, so down-channel flow (stream
routing) has a greater influence on the hydrologic response of these catchments. The major difference
between the two catchments is shown in Figure 3:  Agua Salud #2 is 99% forested and Agua Salud #3 is
51% forested.
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Figure 3: A comparison of Vegetative cover between Agua Salud #2 and Agua Salud #3
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Figure 4: Cartoon of the physical representation of Ln(A/tan($)).
The tan($) is the local slope and the hydraulic gradient.  Areas
with a given index value have the same hydrology i TOPMODEL
simulations.

Ln(A/tan($$)): A proxy for topography and soil saturation 

Topography is introduced into TOPMODEL through the topographic similarity index, ln(A/tan($)).  As
shown in Figure 4, A is the upslope area that drains through a specified contour length, C.  If one adopts
the TOPMODEL assumption that the water table parallels topography, tan($) is both the local slope and
the hydraulic gradient.

If catchment soils are relatively homogeneous and topography controls subsurface flow, ln(A/tan($)) can
be used as a surrogate for likelihood of saturation.  Areas with high values of ln(A/tan($)) have
considerable up-slope areas and accordingly receive large volumes of subsurface flow.  Flow from high
ln(A/tan($)) regions such as riparian zones and stream channels is generally restricted because of low
hydraulic gradients, so the water table rises to the surface to accommodate the large influx of up-slope
moisture.  Areas with low values of ln(A/ tan($)) have small contributing areas or a steep hydraulic gradient
and are generally near ridges.  Rapid transmission of a relatively small volume of incoming moisture keeps
areas of low ln(A/tan($)) from becoming saturated.

Maps of ln(A/tan($)) for the four catchments are shown in Figures 5a-5d.  As shown in all of the maps,
values of ln(A/tan($)) increase as one moves from the drainage divides to the stream channels.  Patterns
of ln(A/tan($)) are influenced by local undulations in topography.
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Figure 5a: Map of ln(A/tan($)) for Lutz Creek Catchment.  Figure 5b: Map of ln(A/tan($)) for Conrad
Stream Catchment.  Figure 5c: Map of ln(A/tan($)) for Agua Salud #2.  Figure 5d: Map of ln(A/tan($))
for Agua Salud #3.

As shown in Figures 5a-5b and in the histogram in Figure 6a, the flatter topography in the Conrad Trail
Stream Catchment generates greater values of ln(A/tan($)) relative to Lutz Creek Catchment.   If
topography were the only factor controlling soil saturation, the Conrad Trail Stream Catchment, with a
mean ln(A/tan($)) value of 6.92, would have a higher likelihood of saturation than Lutz Creek Catchment,
with a mean ln(A/tan($)) value of 4.93.  However, soil type also plays a factor in the relative saturation of
the Lutz Creek Catchment and Conrad Stream Catchment.  This modeling study defines the relative
importance of topography and soils in creating saturation and overland flow within these two catchments.

As shown in Figure 6b, the distributions of ln(A/tan($)) in the forested and deforested catchments is nearly
identical.  This histogram suggests that the topography for the two catchments is so similar, that any
differences in hydrology of the two catchments is due to differences in the hydraulic properties of the soils.
In a natural state, the soils in the two catchments should be nearly identical because they are developing
on the same bedrock, under similar climatic conditions, and on nearly identical topography.   Thus,
distinctions in hydrology between the two catchments is best explained by changes in soil characteristics
due to deforestation in Agua Salud #3.
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Figure 6a: Comparison of ln(A/tan($)) distributions for Lutz Creek and and Conrad Stream
Catchments.  Figure 6b: Comparison of ln(A/tan($)) distributions for Agua Salud #2 and Agua
Salud #3.
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Developing A Perceptual Model of Basin Hydrology

In the following discussion we define the relevant hydrologic processes that we will model with
TOPMODEL.  Following the work of Beven (1991), we develop a perceptual model of how these
catchments work that is based on our collective experience in the field, measurements of field hydraulic
conductivity and soil texture, hydrograph analysis, and the work of others in regions that have similar
climate and soils to Panama.

The path of a water molecule from its entrance into the watershed through the canopy to its departure from
the catchment as measured stream flow, ungauged groundwater flow, or water vapor is extremely complex.
Traditionally, hydrologists have concentrated study on two interfaces that control the path of water: the
canopy or vegetative layer and the soil surface.  These two layers control not only the distribution of
moisture in a watershed but also the rate that a water molecule moves towards the basin outlet.

Canopy Hydrological Processes

The canopy and the rooting zone are critical interfaces between the watershed and soil and atmospheric
moisture.  Water falling on a catchment initially encounters a canopy layer where it either is intercepted or
continues to the ground.  Intercepted moisture is distributed among a number of paths.  Most water on leaf
surfaces is evaporated directly to the atmosphere, and around 1-2% is transported down the tree as
stemflow.  If the canopy’s capacity to store water is exceeded, water can drain from the leaves to the forest
floor.  Combined direct rainfall and water dripping from the canopy is throughfall.

The percentage of precipitation that reaches the forest flow as direct throughfall has not been measured in
lowland tropical forests in Panama.  Bruijnzeel (1993) suggests the average value of throughfall in lowland
tropical forests is near 85%.  Of the lowland studies that we have reviewed, the minimum amount of
interception is 9% (Hujetes et al., 1990) and the maximum is 21.8% (Vis, 1986).

Water that infiltrates into the soil can be evaporated or transpired.  Potential evapotranspiration (PET) is
the amount of water that could be evaporated if an infinite reservoir of moisture were available.
Measurements of PET from a canopy tower atmometer in Lutz Creek Catchment range anywhere from
0 to 10  mm daily.  Daily cumulative PET is greatest during the dry season when there are fewer clouds,
and more direct radiation hits the forest canopy.

As shown in Figure 7, the energy fluxes that control hourly PET are greatest at midday.  In this graph,
hourly totals of wind velocity and solar radiation are averaged for the period February-June 1998 and
shown for the daylight hours.  The pattern of solar radiation mimics a sine curve with the maximum radiation
at 12:00 PM, and wind velocity is also greatest around noon.
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Figure 7: Average hourly radiation and wind velocity for daylight hours for the period of February-June
1998.  Total  fluxes are normalized to 1 for display

This study assumes that potential hourly evapotranspiration also follows a semi-sinusoidal curve.  This curve
rises at 6 AM when leaf stomata are first opened with the dawn, increases until noon, the time of maximum
solar radiation and wind velocity, then decreases until leaf stomata are closed at dusk.  This semi-sinusoidal
approximation can be used to distribute daily PET totals from an atmometer over a daily cycle.

Actual evapotranspiration is dependent on two factors:  (1) the moisture status of the root zone, and (2)
the energy available to transport water through leaf stomata.  In a relatively wet soil, soil particles do not
hold water tightly and the plants are able to remove a volume of moisture commensurate with PET.  As the
soil dries, the remaining water is adsorbed onto soil particles and is not readily available for
evapotranspiration. 

Soil Hydrological Processes

The soil surface is a critical hydrologic interface as it controls the distribution of water between groundwater
flow and overland flow.  Overland flow moves rapidly across the landscape to the stream channel and is
almost instantly added to basin discharge. Water that infiltrates into the soil takes a longer, slower route to
the stream.

Many authors have considered the temporal and spatial dynamic of overland flow generation.  Betson
(1964) develops the idea of partial contributing areas.  He suggests that overland flow is not generated
uniformly in a catchment but is derived from a few contributing areas.  This observation is consistent with
the observation that the infiltration properties of soils vary within a catchment.  Under different frequencies
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of rain, the infiltration capacities of different regions in the basin are exceeded and Hortonian or infiltration-
excess overland flow is produced.  An increase in the rainfall rate increases the area contributing to
overland flow because the infiltration capacity of a larger region is exceeded.

From pioneering work done in soils in Sleepers River Catchment, Dunne and Black (1970) observed that
overland flow can be produced by rain falling on saturated soils, a process which they termed saturation
excess overland flow.  At the surface, Sleepers River soils are permeable and allow for infiltration, but at
depth, hydraulic conductivities are low and the water table builds up until it intersects the surface.
Saturation excess flow is common in humid regions where organic matter aids soil aggregation and high root
densities increase surface permeability.  By contrast, infiltration excess overland flow is prevalent in arid
or deforested areas where soil crusting may occur.

Dunne and Black (1970) recognized that the patterns of saturation excess overland flow are spatially and
temporally predictable.  The saturated areas, also areas contributing to overland flow, begin adjacent to
the stream channels and spread upslope as additional moisture is added to the basin.  Dunne and Black
(1970) term this mechanism “variable contributing area,” as the contributing area is dependent on the
moisture status of the basin.

Infiltration capacities of soils can increase with the presence of macropores.  Macropores are defined by
Beven and Germann (1982) as pores with diameters in excess of 2 mm.  They are largely generated by
fauna and roots in the upper horizons of the soil.  In tropical soils, soil piping is a another common form of
macroporosity (Elsenbeer et al., 1992).  

Macropores serve as conduits of flow as the moisture content of the soil increases.  Initially, infiltrating
water is conducted into small pores as the surface forces from the closely spaced grains attract water
molecules.  With time, surface adsorption forces are decreased in small pores so water is drawn into larger
pore volumes.  Macropores become active when either the soil nears saturation or soil aggregates become
coated with water (Radulovich et al.,1992).

Water that infiltrates through micro or macropores becomes groundwater flow.  If catchment slopes are
steep, shallow subsurface flow moves downslope through pores in the soil, parallel to topography (Hewlett
and Hibbert, 1967).  Some of the infiltrated water enters deep subsurface flow through fractured rock or
saprolite.  Because of low permeabilities and irregular pathways in the regolith, deep subsurface flow takes
a long time to reach the stream channel or to leave the catchment as deep groundwater flow.

Application of Hydrologic Principles to Panama

Bonnell et al. (1991) and Elsenbeer et al. (1990, 1992) all indicate that saturation overland flow and pipe
flow dominate hydrologic response to storms in tropical catchments.  Elsenbeer et al. (1990) observe the
ponding of water on a clayey, low-permeability horizon in a Peruvian catchment.  The perched water table
rises to the surface, producing saturation excess overland flow, while some of the ponded water flows
laterally through soil pipes.
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Figure 8: Graph of percentage of precipitation and rainfall intensity
measured in Lutz Creek Catchment from 1994-98 and used in
modeling

In forested Panamanian catchments, catchment-wide infiltration excess flow is possible in the largest storms.
 The average of the hydraulic conductivity measurements taken in Lutz Creek Catchment at less than 13
cm of depth is 4.36x10-3 cm/sec, and the minimum measurement at this depth interval is 3x10-4 cm/sec.
The hydraulic conductivities at the surface are typically greater.

Figure 8 shows the percentage of precipitation delivered at different rainfall intensities.  Approximately 99%
of the rainfall is delivered at intensities less than 3.17x10-3 cm/sec.  This implies that the surface soils are,
on average, able to adsorb water at the surface more rapidly than water is added to the surface so
infiltration excess overland flow does not occur.  Locally, there may be pockets of soils with low hydraulic
conductivity that serve as partial contributing areas.

Dietrich et al. (1982) have used discharge records from Lutz Creek Catchment to infer that saturation
excess overland flow is the dominant form of overland flow in Lutz Creek Catchment.  Using a graph of
peak flow / storm intensity vs. time, Dietrich et al. (1982) show that as the wet season progresses the peak
flow/ storm intensity ratios increase.  As more water is added to the catchment, contributing area also
increases--a sign that saturation overland flow is produced by variable contributing areas.

The change in peak flow / storm intensity rate has also been attributed to a decrease in soil infiltration
capacity with time by Kursar et al. (1995), who undertook infiltration experiments in montmorillonitic soils
on BCI.  They suggest that as the wet season continues flow pathways are destroyed, reducing the overall
infiltration capacity of the soil. During the dry season, macropores and soil structure are re-established by
biota and the infiltration capacity increases.



PANAMA CANAL BASIN: DEFORESTATION EFFECTS, STALLARD PAGE 15

The water that infiltrates, and is not evaporated or transpired, then enters groundwater flow. The major
infiltration paths in the clayey soils are macropores, usually associated with root systems.  Hydraulic
conductivity tests consistently show high permeability associated with dense rooting.  Other creators of
macropores include earthworms and insects, such as leaf-cutter ants, that excavate the soil on a large scale.

Not all of soil water moves laterally downslope to the stream following infiltration.  As water ponds on a
clay horizon or saprolite, some flow will leak vertically into the unsaturated soil below.  This leakage may
enter a deep groundwater system in the saprolite and calcic and volcanic sedimentary rocks.  A long-term
water balance for Lutz Creek Catchment shows that 6-10% of incoming precipitation is lost to deep
groundwater storage.  Other water is routed into deep flow paths that eventually emerge from springs and
seeps adjacent to the stream channel.

A Derivation of TOPMODEL

This development of TOPMODEL has two parts.  First, an equation is derived to determine the local
position of the water table.  Subsequently, equations for evapotranspiration, unsaturated flow, deep
groundwater flow, overland flow and stream routing are considered.

Derivation of An Equation for Saturation Deficit

Subsurface flow through a particular soil column is calculated by Darcy’s Law, namely:

(1)

where q is a two dimensional flow through a soil column of unit thickness, T is the transmissivity, x is
horizontal distance, h is height, and the differential term is the hydraulic gradient.  In TOPMODEL (Beven
and Kirkby, 1979) the hydraulic gradient is equivalent to the local slope, tan($).  Substituting this into
Equation 1 yields:

(2)

The next assumption is that subsurface flow is in a steady state.  In other words, the volume of water that
is entering a particular soil column and the volume that is leaving the column are equivalent.  Mathematically,
this can be written as:

(3)

where R is the upslope recharge and A is the amount of upslope area draining through the soil column. 

In their initial TOPMODEL derivation, Beven and Kirkby (1979) assume that soil transmissivity decreases
exponentially with depth.  This assumption is justified because the soil surface is generally permeable
because aggregation by organic matter, roots, and fauna all create flow pathways.  At depth, permeability
decreases because of a higher clay content and reduced bioturbation.  Mathematically, the decrease in
transmissivity with depth is written as:
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(4)

where f is a scaling parameter, z is the depth to the water table, and T0 is the transmissivity of the saturated
soil column.  The parameter f  is important as it controls the rate that transmissivity declines from the surface
into the soil.

If Equation (4) is substituted into Equation (3), a new equation is generated that reads:

(5)

The depth to water table, z, can be expressed as a saturation deficit, S.  S is equivalent to the depth to the
water table multiplied by soil porosity, 2, and physically it represents the amount of water necessary to
elevate the water table to the surface.  The equation for z in terms of S is:

(6)

This convention changes Equation (5) to:

(7)

A further modification is made to Equation (7) in order to remove the porosity term and minimize the
number of TOPMODEL variables.  A new scaling parameter, m, is defined such that:

(8)

If m is added to the Equation (7), it becomes:

(9)

Equation (9) describes steady state flow on a hillslope where the water table is parallel to topography and
where transmissivity decreases exponentially with depth from the soil surface.

The parameter m, also termed the scaling parameter, is vital in model operation, as it controls the decrease
of transmissivity with depth and the shape of the hydrograph recession. The m parameter also serves as
an effective soil depth.  63% of transmissivity is within depth m and 86% is within depth 2m.

The saturation deficit is a measure of relative moisture; areas with a high S are dry and areas with a low S
are wet.  Locations where the S=0 are fully saturated and produce saturation excess overland flow during
storms.  Because of the importance of saturation deficit, it is necessary to manipulate Equation (9) to
generate an equation to predict the spatial distribution of S.

Equation (9) can be rewritten as:
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(10)

It is also possible to write an equation for the average saturation deficit by integrating Equation (10) over
the whole catchment.  The integrated equation is:

(11)

The overline refers to the catchment average, and 8 is the catchment average of ln(A/T0tan($)).

The next assumption made in TOPMODEL is that recharge is constant over the catchment.  This indicates
that local R and the catchment average R are the same.  Thus, Equations (10) and (11) can be combined
by solving for ln(R) to get:

(12)

Equation (12) can be rearranged to generate an equation for local saturation deficit:

(13)

In this study, and in most TOPMODEL work, Equation (13) is simplified further by assuming that T0 and
m are spatially constant over the basin.  This assumption is justified in this study, because the project goal
is to determine the amount of flow leaving the catchment as overland flow and not to predict local
fluctuations in the water table.  If T0 and m are made spatially constant, then Equation (13) becomes:

(14)

Where ( equals the basin average of ln(A/tan($)) or 8+ln(T0).  Equation (14) is used in TOPMODEL to
predict the distribution of S.  If the local value of ln(A/tan($)) value is greater than (, Equation (14) dictates
that S will be less than S'.  Conversely, if the local value of ln(A/tan($)) is less than (, S is greater than S'.
This analysis is consistent with earlier discussion about the topographic index where it was inferred that
areas with high values of ln(A/tan($)) were more likely to be saturated.

Mass Balance Considerations

The average saturation deficit reflects the volume of water stored in soils.  At each time step this storage
can increase (decreasing S') or decrease (increasing S').  The following mass balance equation is written
to describe the changes in S' due to fluxes in and out of the saturated zone:
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(15)

where S't+1 is average saturation deficit at the new time step, S't  is average saturation deficit at the last time
step, Qsub is subsurface saturated flow, Qgw is leakage to a deeper groundwater flow and Quz is the
incoming flux from the unsaturated zone.

Unsaturated and Root Zone Dynamics

As shown in Figure 9, incoming precipitation is routed into a root/interception zone.  This zone represents
the canopy and the portion of soil moisture storage between the wilting point and the field capacity.  The
maximum moisture deficit in the root zone, which physically occurs if the canopy is dry and the soil is at the
wilting point, is labeled Srmax in the model.  As water is added to the root zone, the deficit is decreased until
it is zero, and then water is added to the unsaturated zone becoming unsaturated zone storage (Suz).

Evapotranspiration from the root zone is calculated with the expression:

(16)

where Ea is actual evaporation input as a semi-sinusoidal curve, Ep is potential evapotranspiration, Sr is the
root zone deficit.  If Sr is zero then evapotranspiration occurs at potential rates.  As the root zone dries out
then evapotranspiration operates at levels that are less than potential.The equation for flow in the
unsaturated zone is:

(17)

where TD is a time delay constant and T is time.  This expression suggests that Quz increases as the volume
of water in the unsaturated zone increases.  Further, as the S and the size of the unsaturated zone increase,
less flow is transmitted from the unsaturated zone to the saturated zone.

Deep Groundwater Flow

The deep groundwater flow expression generated specifically for this study reads:

(18)

where CLK is a groundwater loss constant.  This expression indicates that as S' increases, Qgw decreases.
 Physically, this is consistent with decreasing pressure on the base of the perched water zone as the water
table lowers.  As pressure decreases, less flow leaks from the perched water table into the regolith.
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Subsurface Flow

As stated in Equation (1), saturated zone flow in a soil column can be calculated with Darcy’s Law applied
to an exponential transmissivity profile:

(19)

To calculate the total Qsub that reaches the streams, it is necessary to integrate this equation for local
subsurface flow over the length of the stream channels.  After a complex derivation, the resulting equation
is:

(20)

where A is the catchment area, Qb is baseflow and 8 is the catchment average of ln(A/T0@tan($)).  In this
study, flows are normalized for catchment area.

Overland and Stream Flow

Stream flow includes contributions from Qb and also saturation excess overland flow.  Saturation excess
overland flow is produced by two sources: (1) Precipitation falling on areas where S = 0 and (2) subsurface
flow into areas where S=0.  The latter mechanism represents return flow, whereby subsurface flow
becomes overland flow.  Any saturation excess overland flow that is produced reaches the stream channel
within a time step.

The water that flows into the stream channel is routed to the catchment outlet, but not all of the water
reaches the outlet within a time step.  Instead, a time delay histogram is generated based on ratios of stream
length and percentage of the basin that is drained.

Model Organization

Maps of ln(A/tan($)), generated for each of the four catchments can be condensed in a histogram that
divides the values into 30 equal increment classes.  The frequency of each class represents the fraction of
catchment area represented by that class of ln(A/tan($)). As discussed earlier, areas with the same value
of ln(A/tan($)), have the same hydrologic properties and thus respond identically during TOPMODEL
simulations.  This implies that the model can be run for each class of ln(A/tan($)), and then results can be
aggregated by weighting for the frequency of that class.  Running the model for only 30 classes of
ln(A/tan($)) is far more efficient then running TOPMODEL for each DTEM cell within a catchment.

As summarized in Figure 9, TOPMODEL progresses through a number of procedures during each time
step.  First, S is computed for each class of ln(A/tan($)), using Equation (14) and S'.  Next, for each
ln(A/tan($)) class, calculations are made sequentially for root zone storage, unsaturated zone flow,
saturation excess overland flow and evapotranspiration using Equations (16)-(17).
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The fluxes for each ln(A/tan($)) class are averaged to get a catchment average of unsaturated zone and
overland flows.  Next, average saturated zone and deep groundwater flows are computed by using the
average saturation deficit from the proceeding time step in Equation (18) and Equation (20).  Having
calculated the terms in the catchment mass balance, S' can be computed for the next time step with
Equation (15).

Uncertainty Estimation

There is uncertainty in results from hydrologic modeling.  Some of this uncertainty is derived from errors
in data collection or from model structure.  Clearly, with a simple model like TOPMODEL, there will be
some error in the representation of catchment properties.  Much of the uncertainty in TOPMODEL
simulations comes from an incomplete input data set.  In this study, discharge, precipitation,
evapotranspiration and topographic information allow for model calibration.  Additional input data, such
as knowledge of the temporal variation of saturated areas in these catchments or hundreds of soil
transmissivity measurements, would complement a data set and further reduce uncertainty in TOPMODEL.

Uncertainty also arises from using one parameter set to represent a dynamic system.  There are fundamental
changes in the hydrology of  Panamanian catchments between the wet and dry season, and it is therefore
likely that different parameter sets are needed to simulate wet and dry season behavior.  Thus, a single
static TOPMODEL parameter set will not be capable of addressing the full range of hydrologic processes
in these catchments.  Instead, it is necessary to explore a range of parameter sets that may define catchment
hydrology.

The uncertainty in our model predictions due to all error sources is addressed through General Likelihood
Uncertainty Estimation (GLUE) (Freer et al., 1996).  The basic steps in GLUE are the following:

Monte Carlo Simulations

Approximately 8,000-16,000 TOPMODEL simulations with random parameter values are run.  All results
and parameter sets are recorded.  Goodness of fit between observed and simulated hydrographs is
measured with the Nash-Sutcliffe Efficiency:

(21)

where t is a time step, n is the number of time steps, qsim is the simulated flow at each time step and qobs

is the observed flow at each time step.
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Rejection of Parameter Sets

Parameter sets can be either rejected or accepted based on the value of E for a given simulation.  The
cutoff value for E defined by Freer et al. (1996) is 0.5 but it can vary depending on the catchment.  By
rejecting all of the results with efficiency below 0.5 all of those parameter sets receive a zero likelihood of
being the actual parameter set of the catchment.

Computing Likelihood

All of the parameter sets that have efficiencies above the rejection criterion are possible simulations for the
basin.  The likelihood measure, L, for each parameter set is computed as:

(22)

where tot is the number of runs that are above the rejection criterion.  Using this likelihood measure, the
total likelihoods of all the possible parameter sets equals 1.

Data  Synthesis

After each parameter set is given a probability, different analyses can be made.  Some of the techniques
defined in the results section are ways of examining the data.  These include, but are not limited to,
indicating error bars on hydrographs, examining the sensitivity of individual parameters, and comparing the
parameter distributions of different catchments (Freer et al.,1996).

Updating Uncertainty

Uncertainty estimates can be refined if additional data becomes available.  For example, if the saturated
areas in our catchments are measured, then we can impose an additional rejection criterion on our Monte
Carlo results.  Including new data will likely decrease the number of acceptable runs and reduce the
uncertainty interval.  Thus, the uncertainty in the analysis presented here can only be reduced as
further information becomes available.

Results

The results presented here use GLUE methodology to explore the following issues:
(1) The sensitivity of different model parameters
(2) The applicability of TOPMODEL to Lutz Creek Catchment
(3) A comparison of flat and steep catchments
(4) A comparison of forested and deforested catchments
(5) A comparison of simulated hydrographs from all four catchments
These results show how TOPMODEL responds during different seasons and in varying topographic
conditions.  Ultimately, the question of how deforestation effects overland flow generation is addressed.
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Parameter Sensitivity

For this study, a sensitive parameter is defined as one which in a qualitative way controls model efficacy.
In other words, well defined subset of specific values of a sensitive parameter assure that the model
simulations will work well, regardless of the values of the other parameters.  An insensitive parameter is one
that could have a broad range of values for a good simulation, because it does not control model response.

Sensitive parameters are distinguished by applying different values of efficiency as a rejection criterion.  In
this example of analysis shown in Figure 10, TOPMODEL is run for the period of February 1994 to
December 1995 for Lutz Creek Catchment.  Random values of model parameters are selected from a
broad parameter range.  Taking the set of Monte Carlo results, an efficiency criterion of E=0.35 is applied.
The parameter distributions for each parameter are plotted as cumulative frequency distributions.  Next in
succession, efficiency criteria of 0.40, 0.45, 0.50 and 0.55 are applied and the resulting cumulative
distributions are plotted.   This has the effect of showing the effect of improved model results on the
cumulative distribution of a parameter. 

If the form of the cumulative frequency curves for a particular parameter change as model fit improves (as
efficiency criteria increase), then the parameter is sensitive.  In the graphs in Figures 10a-f, this is true for
the parameters T0, m, Srmax, and RV.  For example, as the efficiency criterion is increased, the curves for
m moves to values less than 0.1.  This means that m must be less than 0.1  in order to generate efficiencies
greater than 0.5.  In subsequent runs, the value of m can be restricted to this more limited range in an
attempt to improve results.

The relatively insensitive parameters in this analysis are the CLK  and TD.  For these parameters, the
cumulative frequency curves do not change position as model fit improves.  This means that improving the
model fit is not dependent on these parameters, so any value from a broad range of values can be used.
In most TOPMODEL studies, the most sensitive parameters are m and T0 ( Beven et al., 1995).  The
relative importance of the two parameters depends on basin wetness.  As the catchment becomes wetter
and the saturation deficit is reduced, T0 becomes important because it controls the rate of flow near
saturation.  At lower flows, m is more important because catchment flow is controlled by baseflow
recession.
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Figure 10a-10f: Cumulative frequency distributions of parameters from 1994-1995 TOPMODEL run that
show parameter sensitivity.
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Lutz Creek Catchment Hydrograph Analysis  

In this section, three different TOPMODEL Monte Carlo trials are applied to Lutz Creek Catchment.  For
each application, an efficiency criterion of greater than 0.5 is used to determine the likelihood index for each
of the 8000 Monte Carlo simulations.

The parameter sets above the efficiency criterion for each trial are put back in the model to predict
discharge at each time step.  The simulated discharges at each time step are ranked from lowest to highest
flows,  and  90% uncertainty bounds can then be calculated from this population of flows.  These 90%
uncertainty bounds are displayed with the observed data.  If the observed flows are within the uncertainty
bounds, then the catchment behavior is well characterized by TOPMODEL.  Conversely, observed flows
outside the uncertainty bounds imply that TOPMODEL is doing a poor job of simulating catchment
dynamics (Freer et al., 1996).

In the first trial shown in Figure 11a, the basic version of TOPMODEL with model parameters, T0, m, TD,
RV, Srmax, and CLK is run over the years 1994 to 1995.  The parameter range adopted in the sensitivity
analysis above is utilized here, except that the value of m is restricted to less than 0.05 to improve model
fit.

In the first trial, TOPMODEL is successful in predicting long-term dynamics of Lutz Creek Catchment,
because the observed hydrographs and uncertainty intervals have the same general shape.  The uncertainty
bounds are fairly tight around the observed data during the dry season periods of 1994-2-21 to 1994-4-22
and 1994-12-18 to 1994-4-17.  During these periods, TOPMODEL captures the baseflow dynamics
fairly well, although it fails to predict some storms.

During the wet season period of 1994-6-21 to 1994-12-18, TOPMODEL often over-predicts peak flows,
and the troughs of the recession curves are not bracketed by the uncertainty interval.  This prediction
breakdown implies that too much water builds up during the wet season of long-term TOPMODEL
simulations.  The excess stored water increases the proportion of the basin that is saturated and thus the
amount of saturated excess overland flow that is contributed to storm-peak flows.  The high moisture status
of the basin also elevates stream flow during hydrograph recession.  Although the general simulation for this
time period is adequate, attention to these details allows for model improvement.

The second trial is identical to the first except it adds the following direct flow equation from Pinol et al.
(1997) to the model:

(23)
where Qd is direct flow through soil pipes and other macropores, Frac is a dimensionless parameter that
represents the proportion of unsaturated zone flow, Quz, that goes directly to the stream channel.  By adding
a direct flow mechanism, only one additional parameter, Frac is added to the model.
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Figures 11a-c: Observed hydrographs with uncertainty intervals for TOPMODEL simulations.
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The introduction of a direct flow parameter is an attempt to improve on the results from the first trial.  With
direct flow, precipitation is routed directly to the stream channel through soil pipes, an important pathway
in tropical soils.  The addition of this pathway provides a mechanism by which water can be added directly
to the peak flow without storing all of the water in the soil necessary to generate saturation excess overland
flow.

As shown in Figure 11b, the addition of the direct flow component is improves hydrograph fit during the
wet season.  In the period from 1994-6-21 to 1994-12-18, the uncertainty bounds bracket the observed
hydrograph better than in the first simulation.  Further, the lower uncertainty bound with a high value of the
parameter Frac, tends to not overpredict storm peaks.  During drier times, the behavior of the hydrograph
is more loosely bracketed.

Examining the first two trials indicates that TOPMODEL may not be complete without considering direct
flow.  Future modeling will seek to bracket the range of direct flow required to best simulate observed
hydrographs.  Hydrograph examination has not only improved modeling, but has led to the hypothesis that
direct flow may make an important contribution to storm hydrographs.

The third trial is identical to the second except it covers the time period of 1997-6 to 1998-9.  This period
of time was dry relative to 1994 through 1995 because of the effects of the El Niño.

The third trial displayed in Figure 11c shows that TOPMODEL is ineffective at simulating the dynamics of
dry periods.  Consider the period from 1998-2-2 to 1998-6-2.  Some large storms are not captured by
TOPMODEL. TOPMODEL’s ineffectiveness during dry periods may be due to the following:
(1) Low flows in Lutz Creek Catchment largely come from springs and bedrock rather than

drainage from soil as specified in TOPMODEL structure.
(2) TOPMODEL assumes that the water table parallels topography.  During the dry season there

may be a disconnected water table or no water table in some locations.
(3) The Nash-Sutcliffe efficiency measure favors matching peak flows rather than low flows.

This means that maximizing efficiency does not necessarily improve fit during low flow periods.

Conrad and Lutz Catchment Comparison

Thus far, only limited modeling has been completed in Conrad Trail Stream Catchment, but this inter-
catchment comparison will highlight a successful Conrad simulation in September 1996 and the
corresponding time interval in Lutz Creek Catchment.  During this wet season period, the Conrad soils are
assuredly wet and the water table is near the surface, so it is an ideal storm to model.
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Figures 12a-b: Parameter Distributions of transmissivity and scaling parameter for Lutz Creek
Catchment and Conrad Stream catchment.

The two catchments will be compared by examining histograms of the distribution of parameters, T0, m,
Srmax, and RV in Figure 12a-d.  The distributions are created by running the model (with no direct-flow
term) for both catchments.  The efficiency criterion used in this analysis was greater than 0.5.  The
distribution of parameters is transformed into a histogram for visual comparison.

In the case of T0, there are clear differences between Lutz Creek and Conrad Trail Stream Catchments.
The two distributions of transmissivity do not overlap, and they suggest that Conrad Trail Stream
Catchment has a higher soil transmissivity than Lutz Creek Catchment.  Physically, this is consistent with
the soil types in both catchments.  In the Conrad Trail Catchment, soils are all over 1-m deep, kaolinitic,
and well-aggregated.  The Lutz soils are shallow and are largely montmorillonitic clay.  The TOPMODEL-
derived transmissivity distributions are consistent with field measurements of permeability in these
catchments.

For m, Srmax, and RV, the Conrad Trail Stream Catchment shows a very limited range of values, suggesting
some sensitivity to these parameters.  The differences between the two catchments in the distribution of
stream velocity can be explained physically.  Lutz Creek Catchment is, in general, steeper than Conrad
Catchment and should have greater stream velocities because slope is considered implicitly in the stream
velocity term.  As for Srmax and m, the catchment-scale differences explained by these parameters may be
better characterized through decreasing uncertainty and increasing the time interval modeled in Conrad
Stream Catchment.
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Forested and Deforested Catchment Comparison

For this comparison, two strategies are pursued. In the first strategy, TOPMODEL is run for both the
forested and deforested catchment over the same time intervals.  One time interval is the month of 1997-9,
a wet season period, and the second interval of 1998-3 to 1998-4, a dry season period.  The dry season
period includes some large storms, so peak flows are modeled, not dry season baseflow.  The parameter
distributions resulting from GLUE analysis of the two catchments and two seasons are compared.

In the second strategy, the deforested catchment, Agua Salud #3, is divided into forested and deforested
sections, each with distinct parameter sets.  The only parameter that is held consistent between the two
parts is stream velocity because there is only one stream velocity for the catchment.  Structurally, this
division necessitates the introduction of a new equation for saturation deficit to replace Equation (14):

(24)

where m1 and T0,1 are the values of m and T0 for the forested part of the catchment and m2 and T0,2 are
the values of m and T0 for the deforested part of the catchment.  This equation asserts that the different
scaling and transmissivity parameters in the forested and deforested sections of the catchment influence the
distribution of moisture within the catchment.

The parameter sets used to represent the forested part of the deforested catchment are derived from runs
in the forested Agua Salud catchment using the efficiency criterion of greater than 0.35.  This efficiency was
specified so that broader forested parameter sets could be utilized in the simulations.  The parameter sets
for the deforested part of the deforested catchment were randomly selected using Monte Carlo simulations.
There were 65 forested parameter sets used with 8000 deforested parameter sets for a total of  520,000
forested/deforested parameter set combinations.

Results from Strategy 1

This strategy combines forested and deforested parts in Agua Salud #3 into a single parameter set.
Histograms of the parameter sets from dry and wet simulations of the forested and deforested catchments
are shown in Figures13a-13d .  In 13a, for both catchments, the transmissivity histograms show fairly
limited distributions.  In the dry season and wet season, it is likely that transmissivity within the forested
catchment is higher than the transmissivity in the wet catchment because it is distributed towards greater
values of T0.  There is overlap between forested and deforested histograms, so it is possible that the
transmissivity in the forested catchment is in the same range as transmissivity in the deforested catchment.

In Figure 13b, it appears that the histograms of m  are relatively similar for the two catchments.  This
similarity is fairly important because it suggests that for times of the year, when the catchment is not
extremely wet and runoff is controlled by m rather than T0, the stream flow of the two catchments may be
difficult to distinguish.
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Figure 13a: Transmissivity distributions derived through GLUE for
Forested and Deforested catchments for dry and wet periods
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Figure 13c: Overland flow / total flow distributions derived
through GLUE for Forested and Deforested catchments for dry
and wet periods

As shown in Figure 13c, this temporally short comparison gives us some insight into the amount of overland
flow relative to total flow generated in the two catchments.  These histograms imply that overland flow is
greater in the deforested catchment.  The overlap in the histograms suggests that overland flow could be
similar in the two catchments, but this similarity is not very likely.

Results From Strategy 2

This strategy separates forested and deforested parts in Agua Salud #3 into a two parameter sets, with the
parameters for the forested part coming from simulations on Agua Salud #2.  After simulating the wet
season period only, the parameter sets that are above an efficiency criterion of 0.55 were examined.  The
first comparison shown in Figure 14a is between the values of transmissivity for the forested and deforested
sections of the catchment.  Across the graph is a reference line where T0 forested is equal to T0 deforested.
A point plotted below the line indicates greater transmissivity in the forested catchment.  A point plotted
above the line indicates greater transmissivity in the deforested catchment.  A majority of the points plot
below the line, meaning the forested section generally has a higher transmissivity than the deforested section.
This is similar to what was observed by comparing the transmissivity distributions generated by Strategy 1.
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Figure 14a (left). Comparison of T0 from forested and deforested parts of a dissected catchment. 
Figure 14b( right). Comparison of M from forested and deforested parts of a dissected catchment.

Figure 14b shows a similar graph as Figure 14a but for the parameter m.  The center line denotes where
the forested m and the deforested m are equal.  The points are distributed on both sides of the line,
suggesting that either the deforested or forested value can be larger. Unlike the graph in 14a where there
is a preference for higher values of T0 in the forested part of the catchment, little distinction in m parameter
value can be made for the forested and deforested sections of the catchment.

Figure 15, comparable to Figure 13c, shows a comparison of the September time series overland flow /
total flow ratios for the forested catchment as computed in Strategy 1, and the deforested catchment as
computed in Strategy 2. It again appears that the deforested catchment is distributed towards higher
overland flows than the forested catchment, but there is some overlap between the two distributions.  The
amount of overlap in overland flow histograms using Strategy 2 is greater than the amount of overlap using
Strategy 1.

In Strategy 2, the deforested and forested catchments are better integrated.  Also, with one stream velocity
for the catchment, the comparisons examine hillslope parameters directly and stream routing effects are
minimized. The only downfall to this approach is the relatively large amount of computer time required to
run these simulations.

Synthetic Hydrograph Comparison

Synthetic hydrographs are developed by modeling each of the catchments with the identical time series of
precipitation and evapotranspiration.  By using the same data for each catchment, it is possible to see the
manifestation of differences in parameters and ln(A/tan($)).
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Figure 15: Overland Flow from forested and deforested parts of dissected basin.

The time period chosen for this exercise is September 1997.  The rainfall and evapotranspiration record
for Agua Salud #3 is used for all of the catchments.  Only one parameter set is chosen from each catchment
by imposing an additional rejection criterion on all parameter sets with E > 0.5.  The new criterion is that
the ratio of cumulative simulated and observed flows be close to 1, basically that observed and model water
budgets match.  The parameter set that best meets this criterion is chosen for the synthetic hydrographs.
 Initial flow conditions in each of the catchments is determined by finding the recorded flow in each
catchment on 8 September 1997 at 2:05 AM.

The four hydrographs are shown in Figure 16.  The differences in behavior between the forested and
deforested catchments that has been described in previous sections is clearly visible in Figure 16.  The
storm peaks are higher in the deforested catchment than the forested catchment because of its lower
transmissivity (-1.45 to -3.47).  The low T0 leads to greater soil saturation and saturation-excess overland
flow.  The saturation excess flow in the deforested catchment moves rapidly to the catchment outlet and
causes the larger peaks.

Lutz Creek Catchment has higher storm peaks than the Agua Salud Catchments.  In the case of the
forested catchment, the difference in peak flow can be attributed to a lower T0 in Lutz Creek Catchment
(-2.89).  This low value generates more saturated soils and thus, variable source areas, than are generated
in the forested catchment.
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Figure 16: Synthetic Hydrograph showing differences in catchment properties among the four catchments
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The higher storm peaks in Lutz Creek Catchment relative to the deforested catchment can not be explained
by differences in T0.  The parameter sets for these two simulations are similar, so the difference in the
hydrographs is likely due to stream-travel times.  The Lutz storm peaks tend to arrive more rapidly at the
weir than the peaks from the Agua Salud Catchments.  The Lutz response is a sudden spike of runoff and
then recession to a low baseflow.  The Agua Salud catchments seem to maintain higher flows during storm
recession because the storm travel times are longer.   Storm flow may still be arriving at the Agua Salud
weir when Lutz Creek has returned to baseflow conditions.

The difference in the hydrology of Conrad Trail Stream Catchment can clearly be seen in the synthetic
hydrographs.  The storm peaks in the Conrad hydrograph are not nearly as high as in the other
hydrographs.  They also have wider peaks and slower recessions.  The shape is due to the relatively high
value of T0, which keeps the soils from becoming saturated and thereby minimizes overland flow.  The other
factor that explains the lower peaks is the low catchment baseflow.  This baseflow suggests that the
catchment is fairly dry, so soil considerable moisture must be added before overland flow can occur.

Conclusions

The conclusions of this study can be summarized as follows:

(1) TOPMODEL can reproduce the shape of  the Lutz Creek Catchment hydrograph, the most
complete record of stream flow available (almost three decades).  This goodness of fit suggests that
TOPMODEL can be used in steep Panamanian catchments to simulate hydrographs.  As discussed
above, TOPMODEL tends to overpredict some high flows and is an inadequate predictor of dry
season behavior, because of violations of fundamental TOPMODEL assumptions during low flow
periods, presumably  caused by groundwater loss and a discontinuous water table.  For a given
geology, these violations should be less important in larger watersheds.

(2) Hydrograph analysis suggests that the addition of a direct flow term to TOPMODEL may improve
model performance.  This direct flow mechanism acts as alternative to saturation excess overland
flow in delivering water rapidly to the stream channel.  The introduction of direct flow is an example
of how GLUE methodology can be used to improve model performance.

(3) Conrad Trail Stream Catchment, represents a flat end-member basin having soils with higher
transmissivities than the other three catchments.  Conrad has a high mean ln(A/tan($)) value which
would suggest that it should produce more overland flow than the other forested catchments.  The
flatness of the catchment is mitigated by its porous, well aggregated soils that allow soil water to
flow rapidly.

(4) In using two strategies to compare Agua Salud #2 and Agua Salud #3, it appears overland flow
is increased in the deforested catchment. The most likely mechanism for increased overland flow
is a decrease in transmissivity, that in turn, increases infiltration-excess overland flow in the
deforested catchment.  This perceived decrease in transmissivity may be due to changes in soil
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structure due to cattle compaction or changes in rooting depth with the introduction of grasses to
the catchment.
It is important to note, that the histograms for overland flow do overlap, so there is a possibility that
overland flow is the same in both catchments.  Further work must focus on reducing uncertainty
in simulations to clarify the relationship between the two catchments.  TOPMODEL results can
serve as a vehicle to design future studies that examine the hydrology of catchments in the Panama
Canal Watershed.
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